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ABSTRACT 
 
Thin film coatings are used to improve the properties of components and products in such 
diverse areas as tool coatings, wear resistant biological coatings, miniature integrated 
electronics, micro-mechanical systems and coatings for optical devices. This thesis focuses on 
understanding the development of intrinsic stress and microstructure in coatings of the 
technologically important materials of aluminium nitride (AlN) and titanium vanadium nitride 
(TiVN) deposited by filtered cathodic arc deposition. 
 
Thin films of AlN are fabricated under a variety of substrate bias regimes and at different 
deposition rates. Constant substrate bias was found to have a significant effect on the stress 
and microstructure of AlN thin films. At low bias voltages, films form with low stress and no 
preferred orientation. At a bias voltage of -200 V, the films exhibited the highest compressive 
stress and contained crystals preferentially oriented with their c axis in the plane of the film. 
At the highest bias of -350 V, the film forms with low stress yet continue to contain 
crystallites with their c axis constrained to lie in the plane of the film. These microstructure 
changes with bias are explained in terms of an energy minimisation model.  
 
The application of a pulsed high voltage bias to a substrate was found to have a strong effect 
on the reduction of intrinsic stress within AlN thin films. A model has been formulated that 
predicts the stress in terms of the applied voltage and pulsing rate, in terms of treated volumes 
known as thermal spikes. The greater the bias voltage and the higher the pulse rate, the greater 
the reduction in intrinsic stress. At high pulsing and bias rates, a strong preference for the c 
axis to align perpendicular to the substrate is seen. This observation is explained by dynamical 
effects of the incident ions on the growing film, encouraging channelling and preferential 
sputtering. 
 viii 
For the first time, the effect of the rate of growth on AlN films deposited with high voltage 
pulsed bias was investigated and found to significantly change the stress and microstructure. 
The formation of films with highly tensile stress, highly compressive stress and nano-
composites of AlN films containing Al clusters were seen. These observations are explained 
in terms of four distinct growth regions. At low rates, surface diffusion and shadowing causes 
highly porous structures with tensile stress; increased rates produced Al rich films of low 
stress; increasing the growth rate further led to a dense AlN film under compressive stress and 
the highest rates produce dense, low stress, AlN due to increased levels of thermal annealing. 
 
Finally this thesis analyses the feasibility of forming ternary alloys of high quality TiVN thin 
films using a dual cathode filtered cathodic arc. The synthesised films show exceptional 
hardness (greater than either titanium nitride or vanadium nitride), excellent mixing of the 
three elements and interesting optical properties. An optimum concentration of 23% V content 
was found to give the highest stress and hardness. 
 ix 
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CHAPTER 1 – INTRODUCTION 
 
 
1.1 THESIS OBJECTIVES 
 
Thin film coatings of a large variety of metals and ceramics have been shown to enhance the 
mechanical, electrical, optical and acoustic properties of substrates. A requirement for all of 
these coatings is that they need to be produced cheaply, efficiently and consistently. Towards 
this end, it is important to understand the fundamental processes that occur during the growth 
of thin films and to understand what the effect of changing growth parameters will have upon 
the final coating. 
 
The objective of this thesis is to investigate the effects of changing the deposition conditions 
on the properties of nitride thin films. In particular, thin films of aluminium nitride and 
titanium vanadium nitride will be fabricated and analysed. Aluminium nitride and titanium 
vanadium nitride are technology important thin film coatings used in a diverse range of areas 
such as the packaging industry, transparent barrier coatings and micro-electronics. The level 
of intrinsic stress in the film controls the films adhesion to the substrate and the 
microstructure controls the usefulness of the film. This study will look at the effect of 
substrate biasing, deposition rate and compositional changes on the intrinsic stress and 
microstructure of the coatings with the goal of understanding and modelling film growth 
mechanisms.  
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The four main objectives of this thesis will be to; 
• Study the fabrication of aluminium nitride thin films under the application of various 
bias voltage regimes, by utilising a continuous filtered cathodic arc vapour deposition 
system. Films will be deposited with a constant bias or a pulsed bias on the substrate. 
Analysis of the effect of the biasing conditions on the intrinsic stress and 
microstructure will be conducted. 
• Investigate the effect of the rate at which thin films of aluminium nitride are grown on 
the microstructure and intrinsic stress. 
• Develop models based on the experimental findings for the effects of substrate biasing 
and deposition rate on the intrinsic stress and microstructure. 
• Fabricate titanium vanadium nitride thin film alloys with the goal of generating 
properties superior to either titanium nitride or vanadium nitride thin films. The 
hardness, microstructure, intrinsic stress and optical properties will be studied. 
 
1.2 MATERIALS 
 
1.2.1 Aluminium Nitride 
 
Aluminium nitride (AlN) is a III-V semiconductor and has many attractive properties that 
make understanding the processes involved in its formation as thin films vital. AlN has a wide 
band gap (~6.2eV) 1, with high surface acoustic wave (SAW) velocity of between 5760 m/s 
and 10,500 (depending on the crystal orientation) 2,3, hardness of  up to 20 GPa 4, high 
resistance to oxidation at temperatures below 600 °C 5,6, electrical resistance of the order of 
109 – 1011 Ωm 7, high thermal conductivity (up to 320 W/m K) and a low thermal expansion 
coefficient between 4.2 x 10-6 /K and 5.3 x 10-6 /K depending on crystal orientation. The high 
SAW velocity of AlN makes it an ideal candidate in blue-tooth and wireless communications. 
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AlN is commonly matched with gallium nitride to form high quality transistors and as a 
passivation layer in the fabrication of blue lasers, it is often used as a heat sink on silicon 
devices, for attractive optical coatings and to improve wear resistance on tool coatings 8-11.  
 
AlN commonly forms a wurtzite structure, with lattice parameters a, b = 3.78 and c = 4.98 
and angles α, β = 120° and γ = 90°. The structure consists of each aluminium atom being 
surrounded by 4 nitrogen atoms. An example of the wurtzite structure is shown in Figure 1.1. 
 
Figure 1.1 The crystal structure of wurtzite AlN, a) top view, b) side view. Red 
spheres are aluminium, yellow spheres are nitrogen. 
 
The orientation of crystals within a thin film of AlN is incredibly important as this determines 
what properties the film will have. For example, AlN films that have the majority of the 
crystals orientated with their c axis perpendicular to the substrate surface give the highest 
SAW velocities through the material 2,3.  
 
This thesis will investigate the structure and properties of AlN thin films produced by 
physical vapour deposition using a continuous filtered cathodic arc vapour deposition system. 
Filtered cathodic arcs are capable of depositing high quality, dense films at low temperatures 
with minimum macroparticle incorporation. The thesis will compare the results found from 
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studying the stress and microstructure of films deposited under a range of conditions with 
models for stress generation and relief. Three series of AlN coatings will be synthesised, two 
series under the influence of a biased substrate (continuous and pulsed) and the third with 
different deposition rates.  
 
1.2.2 Titanium Vanadium Nitride 
 
A large amount of research has gone into and continues into the formation of exceptionally 
hard thin films that can be used to protect softer substrates. Many of the transition metals form 
nitrides, which can be prepared as thin films with high hardness and wear resistance. Alloying 
of the transition metal nitrides offers the possibility of increasing the hardness and extending 
the range of colours available in high performance coatings. This thesis will study the alloy of 
titanium nitride (TiN) and vanadium nitride (VN) in order to assess its potential as a thin film 
coating. TiN and VN have the same face centred cubic (rocksalt) structure, similar lattice 
parameters 12 and are miscible over the complete composition range 13. It is expected that the 
properties will vary continuously over the composition range, enabling an optimum to be 
chosen for a given application. The correlation of the composition with the hardness, 
microstructure, optical properties and intrinsic stress of the TiN/VN is studied.  
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1.3 OUTLINE 
 
Chapter 2 provides the background information required in later chapters. Specifically, this 
chapter presents the details behind filtered cathodic arc vapour deposition, known models that 
can be used to predict the crystallography of a film and discusses the techniques used to 
analyse the thin films. 
 
Chapter 3 will examine the effects of applying a constant negative bias onto the silicon 
substrate during the deposition of AlN thin films. Bias voltages in the range of 0 to -350 V 
will be applied and the intrinsic stress and microstructure of the coatings will be analysed. 
The microstructure of the films will be compared to those found by modelling the effect of a 
biaxial high stress field on the crystal orientations expected in wurtzite AlN 14. 
 
Chapter 4 will examine the effects of applying a pulsed negative bias onto the silicon 
substrate during the deposition of AlN thin films, a process known as plasma immersion ion 
and implantation. The voltage and the frequency of the pulses will be varied and the intrinsic 
stress and microstructure of the films will be analysed as a function of the voltage frequency 
product. A model will be presented which attempts to predict the intrinsic stress of a film as a 
function of the voltage frequency product. 
 
Chapter 5 will examine the effects of varying the rate at which a film of AlN is grown under 
the influence of a pulsed negative bias. The intrinsic stress and microstructure of the films 
will be analysed over a range of deposition rates from 0.02 nm/sec to 0.30 nm/sec over three 
voltage frequency products (100 V.f, 800 V.f and 2400 V.f).  
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Chapter 6 will examine the novel technique for depositing the ternary alloys of TiVN at 
varied concentrations using a dual cathode filtered cathodic arc deposition system. The ability 
of the dual cathode filtered cathodic arc to vary the ratio of titanium to vanadium in deposited 
films will be studied. Analysis of the microstructure, tribology and mixing of a series of films 
will be conducted to determine if the preparation technique is viable for the synthesis of this 
ternary thin film alloy. 
 
1.4 REFERENCES 
 
1 W. M. Yim, E. J. Stofko, P. J. Zanzucchi, J. I. Pankove, M. Ettenberg, and S. L. 
Gilbert, Journal of Applied Physics 44, 292-296 (1973). 
2 G. Carlotti, G. Gubbiotti, F. S. Hickernell, H. M. Liaw, and G. Socino, Thin Solid 
Films 310, 34-38 (1997). 
3 M. Assouar, O. Elmazria, M. El Hakiki, and P. Alnot, Integrated Ferroelectrics 82, 45-
54 (2006). 
4 X. D. Wang, W. Jiang, M. G. Norton, and K. W. Hipps, Thin Solid Films 251, 121-
126 (1994). 
5 N. Azema, J. Durand, R. Berjoan, C. Dupuy, and L. Cot, Journal of the European 
Ceramic Society 8, 291-298 (1991). 
6 A. D. Katnani and K. I. Papathomas, Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films 5, 1335-1340 (1987). 
7 S. Strite and H. Morkoc, Journal of Vacuum Science & Technology B: 
Microelectronics and Nanometer Structures 10, 1237-1266 (1992). 
8 Y. Watanabe, Y. Nakamura, S. Hirayama, and Y. Naota, Ceramics International 22, 
509-513 (1996). 
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9 T. Ogawa, M. Okamoto, Y. Mori, and T. Sasaki, Applied Surface Science 114, 57-60 
(1997). 
10 A. F. Belyanin, L. L. Bouilov, V. V. Zhirnov, A. I. Kamenev, K. A. Kovalskij, and B. 
V. Spitsyn, Diamond and Related Materials 8, 369-372 (1999). 
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13 H. Holleck, Binare und Ternare Carbid- und Nitridsysteme der Ubergangsmetalle 
(Gebrtidr Borntrager, Berlin Stuttgar, 1984). 
14 D. R. McKenzie and M. M. M. Bilek, Thin Solid Films 382, 280-287 (2001). 
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CHAPTER 2 – THEORY AND TECHNIQUES 
 
This chapter covers the background theory required to understand the results and 
ideas in the subsequent chapters. Thin films can be fabricated in several different 
ways, from magnetron sputtering to laser ablation. In this thesis a physical vapour 
deposition method known as filtered cathodic arc vapour deposition is used to 
fabricate thin films. A variant of cathodic arc vapour deposition, the filtered 
cathodic arc introduces a magnetic filtering bend into the path of the plasma to 
remove undesirable particles and improve the quality of the thin film coating 1. 
 
Transmission Electron Microscopy (TEM) is the primary analysis technique 
utilised to understand the microstructure and morphology of the fabricated films. 
The specimen preparation, measurement and analysis techniques used to 
characterise the aluminium nitride and titanium vanadium nitride films are 
described. Other techniques such as X-Ray Diffraction (XRD), Nano-Indentation 
Hardness, Ellipsometry and Auger Electron Spectroscopy (AES) are also used to 
examine some of the thin films. 
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2.1 DEPOSITION TECHNIQUES 
 
Thin films are regularly deposited by Chemical Vapour Deposition (CVD) or Physical 
Vapour Deposition (PVD) techniques. CVD is the deposition of atoms or molecules by the 
high temperature reduction or decomposition of a chemical vapour precursor species, 
consisting of the chemicals required to form the thin film. This process is used widely in 
research and in industry, but has the downside of often generating toxic by-products and 
requiring the use of volatile chemicals and high temperatures 2. PVD generates a plasma from 
a metal or ceramic cathode or target, using various excitation methods. The target is made 
from one or more of the elements of the desired thin film. The plasma then travels through a 
vacuum to the surface that is to be coated. Methods such as laser ablation, magnetron 
sputtering and cathodic arcs are used to generate the plasma from the cathode or target 2. A 
background gas is included during deposition to either supply additional components to the 
coating (e.g. nitrogen or oxygen) or to help maintain the plasma (e.g. argon).  
 
The cathodic arc is an important source of highly ionised and directed plasma beams with the 
ability to operate using any conducting solid. There are three reasons why the cathodic arc is 
particularly useful as a source of ions for deposition of thin film materials: (1) ions are 
deposited with an energy ideal to the growth of dense coatings; (2) high deposition rates are 
possible; and (3) the plasma is close to being fully ionised, such that the energy of 
bombardment can be adjusted by a substrate bias 3,4. 
 
The high level of ionisation allows for the energy carried to the substrate by the depositing 
species to be controlled using electrostatic fields. This makes the arc a highly suitable 
machine for depositing dense metal or semiconductor films 3. A major disadvantage of the 
cathodic arc is that neutral species, such as macroparticles, are also produced, and they can 
 10 
have a detrimental effect on the coatings properties. The introduction of a solenoidal magnetic 
filter bend (commonly used at angles of 30°, 60° or 90°) to the cathodic arc allows removal of 
undesirable macroparticles from the plasma 3. Macroparticles generated on the cathode 
surface can be troublesome and if they are included in a film severely degrade its optical, 
protective and other properties 5. Guiding a plasma around a curved solenoid, as described by 
Aksenov et al. 1, allows for almost complete elimination of macroparticles. A cathodic arc 
vapour deposition system with a solenoidal bend is known as a filtered cathodic arc vapour 
deposition system. 
 
The filtered cathodic arc contains a conducting cathode that is isolated from the chamber; the 
cathode is kept at an optimum current and voltage. A trigger connected to the earthed 
chamber is brought into contact with the cathode and its subsequent removal results in an arc 
being generated. This arc moves about the surface of the cathode, constrained by an 
electromagnetic field, with sufficient energy to ablate large amounts of material including 
ions, electrons, neutrals and macroparticles from the cathode. These particles are then 
attracted to a substrate holder some distance away, travelling through a curved magnetic filter. 
The filter is tuned so that only the desirable ions can make it to the substrate holder, with 
larger particulates and neutrals hitting the chamber walls. The plasma that reaches the 
substrate is of very high purity, consisting of mainly ions and electrons. A background inert 
gas, usually argon, is sometimes injected into the system to stabilise the arc. This work 
produces coatings in the presence of nitrogen, which acts as a reactive gas. During deposition 
the plasma interacts with the nitrogen, partially ionising the gas. The cathode and nitrogen 
ions will then react preferentially on the substrate surface, forming a compound film 4. Two 
arcs were used in this work, a continuous filtered cathodic arc and a dual cathode pulsed 
filtered cathodic arc. 
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2.1.1 Continuous Filtered Cathodic Arc 
 
Thin films of AlN presented in Chapters 3, 4 and 5 were fabricated on a continuous filtered 
cathodic arc located at the University of Sydney and using the apparatus shown in Figure 2.1. 
The cathode from which the plasma was ablated is a 50mm diameter disc of high purity Al 
(99%). The arc current was kept at 50A and was operated in cycles of 30 seconds on to 30 
seconds off to allow for cooling of the cathode and filtering bend. Magnetic field coils were 
used to manoeuvre the plasma through a 90° arc filtering bend. The current of the final 
magnetic coil at the exit of the chamber was varied to alter the deposition rate for the thin film 
coatings in Chapter 5.  
 
Power supplies were attached to the substrate and a bias was applied during all depositions. In 
Chapter 3 a DC power supply capable of obtaining constant voltages between 0 V and -350 V 
was utilised. In Chapter 4 and 5 a pulsed high voltage bias of approximately square wave 
form, was applied to the substrate during deposition. 
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Figure 2.1 a) The continuous filtered cathodic arc deposition system with a 90° filtering bend, 
the cathode is positioned to the left and the substrate chamber to the right of the image b) 
Shows a schematic of the continuous filtered cathodic arc (top view). 
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2.1.2 Pulsed Filtered Cathodic Arc 
 
Thin films of TiVN presented in Chapter 6 were fabricated using a dual cathode pulsed 
filtered cathodic arc, as shown in Figure 2.2. The arc operates in a similar manner to the 
continuous filtered cathodic arc, except rather than a constant 20 – 30 V supply to the 
cathode, the striking and voltages to the cathode are controlled by a pulsed power supply 6. To 
trigger the arc, a high voltage pulse of 10kV operating at a maximum current of 40 A is 
applied to the tungsten trigger for 50 µs, pulsed for 0.5 ms at a frequency of 4.5 Hz. This high 
voltage pulse is sufficient to generate an arc across the insulating layers of alumina onto the 
surface of the cathode. Alumina is placed around the edge of the cathode to contain the arc 
within the cathodes surface (see Figure 2.3). Each cathode can be triggered alternately, 
allowing the possibility of forming films with mixing of two different materials. 
 
The system may use two cathodes of any conducting material. Each cathode is machined into 
a 10mm diameter cylinder, with a small hole drilled through the core. Tungsten wire of 
0.7mm diameter is placed through the hole in each cathode and extended to a length of 2mm 
above the cathode surface. The tungsten wire is isolated from the cathode surface by a dual 
layer of alumina as shown in Figure 2.3. Each cathode was operated at a maximum current of 
220 A. It is important when utilising centre triggering to use the highest current possible as 
the most uniform erosion of the cathode is seen at higher currents 6. A uniform erosion of the 
cathode results in increased efficiency of injecting the plasma into the filter bend.  
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Figure 2.2 – Images from the pulsed dual cathode filtered cathodic arc, 
from top left - Cathodes with centre trigger visible, the vacuum 
chamber, photo of the filter turning the plasma during deposition, the 
cathodic arc and finally a schematic of the system. 
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Figure 2.3 Cross section of the centre triggered cathode assembly; 
alumina insulators contain the arc spots within the surface of the 
cathode. 
 
 
2.2 BIASING THE SUBSTRATE 
 
A negative bias may be placed upon the substrate holder during deposition, supplied either as 
a continuous or pulsed high voltage bias. The process of applying a pulsed high voltage bias 
to the substrate is known as Plasma Ion Immersion and Implantation (PI3) 7. The form of the 
pulsed bias is commonly a square wave. 
 
Many researchers have studied the evolution of intrinsic residual stress in thin films, see 
selected papers 8-17. The degree of stress generated in these films is dependent on the 
deposition conditions, such as the working pressure, substrate bias, etc. However, the most 
important parameter is the energy of the ions impacting on the growing film. A typical curve 
is observed for all materials relating the intrinsic compressive stress to the ion impact energy 
(see fig. 2.4) 
18
. The stress in films deposited with low thermal energies (<<1 eV) is usually 
 16 
tensile. With increasing ion energy the stress becomes compressive increasing to a maximum 
and then decreasing. Previous experiments have shown that this relationship between the 
energy of the incident plasma of ions and the intrinsic stress levels of the films is produced for 
various film-substrate combinations, such as chromium on silicon 13, titanium on silicon 19, 
titanium nitride on silicon 20, titanium nitride on tungsten carbide 10 and tetrahedral 
amorphous carbon on silicon 11. 
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Figure 2.4 A typical stress response curve, relating stress to the energy of incident 
ions during growth. Convention of positive stress is compressive and negative 
tensile used. 
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 2.2.1 The Effect of Biasing a Substrate 
 
Applying a negative bias onto a substrate repels nearby electrons, thus generating a region 
surrounding the substrate that has an excess of positively charged ions, called a sheath. The 
formation of the positive sheath generates a space charge and strong electric field that shields 
the bulk plasma from the negative potential of the substrate. Ions crossing the sheath 
boundary are accelerated by that electric field towards the substrate. The accelerated ions 
have their energy increased by an amount proportional to the applied bias given by, 
 
0ionE q V E= × +  (2.1) 
 
where qion is the charge state of the ion, V the biasing voltage and E0 the natural energy of the 
ions. In many cases the actual value of qion is unknown; it is often easier to quote the voltage 
used and to plot data against this.  
 
Application of a bias onto the substrate will encourage ion implantation within the growing 
layer of the film as energetic ions will penetrate below the film surface. If an ion of sufficient 
energy impacts upon the surface of a substrate or film the ion will penetrate below the surface 
and deposit its energy into a small volume, allowing rearrangement of atoms. The volume in 
which this energy is deposited is often referred to as a thermal spike and its size has been 
calculated for various species, substrates and energies 21. High intrinsic stress limits the 
thickness and quality of the films with high intrinsic stress, whereby they often delaminate 
from the substrate. Depositing a film with ion implantation, increases the overall adhesion of 
the film onto the substrate and may cause a change in the films microstructure and stress. This 
can result in a modification of the film’s properties and limit stress build up, allowing thicker 
films to be deposited. 
 18 
 
 2.2.2 Plasma Immersion Ion Implantation 
 
Plasma Immersion Ion Implantation (PI3) is a technique in which a high voltage pulsed bias is 
applied to an object that is immersed in a plasma. During each pulse, an electric sheath forms 
adjacent to the substrate as electrons are rapidly expelled from the region surrounding the 
substrate. The positive plasma ions entering this sheath are accelerated across the potential 
difference towards and implanted into the substrate or film 4. Minimal film growth occurs 
during the high voltage cycle, instead each ion’s energy is dissipated within a region 
surrounding the impact site. The impact region is commonly referred to as the thermal spike 
and it is possible that many stressed sites within this region are removed from the film (see 
Figure 2.5).  
 
Figure 2.5 A stressed film undergoing energetic impact, the shaded 
area shows the region of effect of a thermal spike within which most 
of the stressed sites are relieved. The yellow region represents the 
positive sheath formed by a negative bias applied to the substrate. 
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Film deposition occurs in between each high voltage pulse as thermal ions deposit onto the 
surface of the film. The high voltage pulses are of the order of tens of microseconds in length 
and operate at frequencies ranging from 50Hz to 1200Hz, a typical pulsing voltage profile can 
be seen in Figure 2.6. With control of both the pulse length and the pulse frequency the ratio 
between ion implantation and film growth is controllable. The product of the pulse length and 
pulse frequently is commonly referred to as the duty cycle and represents the percentage of 
time that the film is undergoing PI3. Generally, the amount of time given to high voltage 
pulsing is of the order of 1 – 10% of the entire deposition process. It has been shown that even 
a relatively small duty cycle can have a drastic effect on the level of intrinsic stress. For 
example, a dramatic reduction in stress has been observed in the case of titanium nitride films 
on silicon 20 and carbon films on silicon 22 using small duty cycles.  
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Figure 2.6 A typical voltage profile during the application of PI3 showing the 
duty cycle. 
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2.2.3 Plasma Cleaning 
 
Energetic ions can also be used to clean substrates with inert gases (such as argon). This helps 
clean the surface of impurities and creates a thin amorphous layer. The amorphous layer on 
the surface of the substrate helps to minimise the effects of lattice mismatching of the film to 
the substrate and stops epitaxial growth. Figure 2.7 shows the effect of plasma cleaning on the 
interface between a film and substrate in a cross sectional TEM image. The entire sample sets 
generated in Chapters 3, 4 and 5 were plasma cleaned prior to deposition for 15 minutes in an 
argon atmosphere using a pulsed bias of 3kV operating at 1200Hz with 20µs pulses. 
 
 
Figure 2.7 Cross sectional transmission electron 
microscopy image of the mixing layer created by 
plasma cleaning a silicon substrate in an argon 
atmosphere using PI3. 
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2.3 SUBSTRATE PREPERATION 
 
A great level of care must be taken to prepare silicon substrates for deposition, and in 
handling the substrates after the film has been deposited. Each substrate is cleaved from a 
large circular piece of (100) silicon, polished both sides, along the (100) planes of the flat 
sheet, cleaving along these planes minimises substrate curvature induced during this process. 
Square substrates of 2cm x 2cm are prepared by this method.  
 
Each 2cm x 2cm is cleaned in an ultrasonic bath prior to any measurements. Cleaning is 
conducted for 5 minutes cycles in first acetone, ethanol and then distilled water. Substrates are 
then dried using N2 gas and stored in pre-cleaned containers.  
 
2.4 STRESS 
 
Stress in thin film deposition can be either intrinsic or extrinsic in nature. Extrinsic stress is 
generated due to differences in the thermal properties of the film and the substrate. If the 
substrate and film have very different thermal expansion coefficients, the substrate will 
expand and contract at a different rate to the film when heated or cooled. If a film is deposited 
at a temperature greater than room temperature, this will induce bending. Hence extrinsic 
stresses are often observed when thin film coatings are prepared at elevated temperatures. In 
addition the thermal expansion coefficients of TiN = 9.4 x 10-6 /°C, VN = 9.7 x 10-6 /°C 23,  
Si = 2.6 x 10-6 /°C, AlN = 5.3 x 10-6 /°C are similar and it is expected that the effects of 
thermal expansion generated stresses will be minimal for this study.  
Intrinsic stress forms within the film itself and can be caused by a number of factors, most 
commonly crystal defects (interstitials, vacancies, etc) or through lattice mismatching 
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between the substrate and the film. High levels of intrinsic stress cause high strain energy 
within the film which drives the process of film delamination. 
 
Intrinsic stress can be reduced by heating the coating, a process known as annealing, or by 
increasing the energy of the depositing ions, generating small, high temperature impact sites 
or thermal spikes where the local temperature can be quite high and allow for local relief of 
stressed sites. Ion implantation during film deposition removes the intrinsic stress by such a 
process of local annealing. Ion implantation of the substrate prior to deposition of the film in 
an argon atmosphere generates an amorphous layer on the surface which helps reduce the 
effect of lattice mismatching. 
 
The energy of the depositing species has been seen to control the final stress of a thin film 
10,11,13,19,20,24
 as shown in Figure 2.4. At very low energies, films tend towards tensile intrinsic 
stress resulting from void formation due to the ions not having sufficient energy to move 
around the growth surface. The pores in the films attempt to close and try to force the 
substrate to bend inwards. The substrate resists this bending and applies an outwards, tensile 
force back onto the film. At medium range of energies (the natural energy for cathodic arc 
deposition systems) ions have sufficient energy penetrate the top few monolayers, generating 
a dense film. The higher atomic density of the film causes the atoms to push away from each 
other, and bend the film outwards. In this case the substrate resists this by applying a force 
inwards, generating a compressive stress. Figure 2.8 describes the forces being applied by the 
substrate for both cases. The force that the substrate applies in any of these cases is applied in 
the x, y plane of the film, and as such the stress is referred to as a biaxial stress.  
 
Application of a high voltage bias will increase the energy of the ions, allowing them to 
implant into the substrate and reduce a large amount of the intrinsic stress generated by the 
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interface of the coating to the substrate. Higher energy ions transfer their energy to the atoms 
surrounding the point of impact, allowing them to restructure and expand the local region 
upwards to relieve stress. Thus, void-free films with low levels of intrinsic stress are formed.  
 
 
Figure 2.8 Types of stress within a thin film coating. 
 
The amount of intrinsic stress within a film correlates with the microstructure, tribology and 
other properties of the film. Too much stress in a thin film can be a problem; in certain 
situations it may also be advantageous. In protective coatings a high compressive stress is 
important to the hardness of the film; yet similar stresses in micro electro-mechanical systems 
would be unacceptable due to bending of the substrate. 
 
A serious issue that arises when high levels of intrinsic stress form within a thin film is 
delamination. It is not uncommon for the film to separate from the substrate when the intrinsic 
stress is highly compressive. 
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2.4.1 Measuring Intrinsic Stress 
 
A common method used to evaluate stress in thin films is measuring the change in curvature 
of the substrate caused by deposition of the film. This method was originally formulated by 
Stoney 25 and relies on measuring the curvature of the substrate, before and after deposition, 
with an accurate tool (i.e. a profilometer, interferometry, etc.) 26. The thickness of the coating 
must also be known. Stoney’s equation is 
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where σ is the intrinsic stress of the film, Es is the Young’s modulus of the substrate (which 
for Si(100) wafers is 185GPa), νs is Poisson’s ratio of the substrate (which for Si(100) wafers 
is 0.28), ts and tf are the thickness of the substrate and film respectively, R is the radius of 
curvature of the film on the substrate and Rb is the radius of curvature of the bare substrate.  
 
In this project, the curvature was measured using a Tencor P-10 profilometer, in scans of 1cm 
length, multiple times in orthogonal directions across the centre of the substrate, both before 
and after film deposition (see Figure 2.9). Only substrates of low curvature before deposition 
were chosen, with any bow height over the 1cm scan on the uncoated silicon falling outside 
the range of 0 – 1500 A rejected.  
 
The thicknesses of the coatings were also measured with a Tencor P-10 profilometer. Step 
edges were generated by placing a small piece of silver dag onto the substrate prior to film 
deposition. When the silver dag is removed, a clean step from the bare substrate to the top of 
the film remains. Scans were conducted over 10 points of these step edges, for a length of 1 
 25 
µm, for each film. Thickness measurements were also confirmed by transmission electron 
microscopy for the samples examined in this way. 
 
0 2000 4000 6000 8000 10000
0
1000
2000
3000
4000
5000
6000
7000
Sc
a
n
 
H
ei
gh
t (A
n
gs
tro
m
)
Scan Width (micron)
 After Deposition
 Before Depositon
 
Figure 2.9 Scans of the silicon wafers are performed both before and after thin film 
deposition across the centre of the wafer for a length of 1.0 cm as shown on the left. The 
graph on the right shows an example of the increased curvature resulting from compressive 
stress generated following the deposition of a thin film. 
 
2.5 THE PREFERRED ORIENTATIONS OF CRYSTALS IN THIN FILMS 
 
The orientation of crystals within a thin film is known to be very important to the properties 
of the film. There are several possible mechanisms which are used to explain why crystals in a 
thin film can be preferentially oriented, including the surface energy, the interface, the free 
energy of the bulk and other physical processes. It is common practice to state the preferred 
orientation of a film in terms of the way that the crystal planes orientate themselves in relation 
to the substrate. Another way to classify preferred orientation is to state one of the crystal axes 
as parallel or perpendicular to the surface of the substrate.  
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2.5.1 Crystal Orientation in a Biaxial Stress Field 
 
This section is concerned with a theory presented in the paper by McKenzie and Bilek titled 
‘Thermodynamic Theory for Preferred Orientation in Materials Prepared by Energetic 
Condensation’ 27. This theory considers the case where the main contribution to the preferred 
orientation in a thin film is caused by a high biaxial stress field. The theory predicts the 
preferred orientation by realising that the Gibb’s free energy of the film must be minimised 
for the film to be stable at equilibrium under a biaxial stress field. The general form for the 
Gibb’s free energy is given by 
 
ij ijG U TSε σ= − −  (2.3) 
 
Where U is the internal energy of the system, εij the strain tensor, σij the stress tensor, T the 
temperature and S the entropy [Note that the Einstein summation convention for tensors is 
used 28]. To analyse the effect of stress on the Gibb’s free energy, the partial derivative is 
analysed, 
 
ij ij ij ijdG dU d d SdT TdSε σ ε σ= − − − −  (2.4) 
 
At constant temperature and pressure the first law of thermodynamics can be applied to 
obtain, 
 
ij ijdG dε σ= −  (2.5) 
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dσij can be replaced in terms of a tensor of constant trace of order unity and the product of a 
scalar magnitude. The strain εij is proportional to the stress σkl by the elastic compliance sijkl. 
The expression then becomes, 
 
ijkl kl ijdG s dσ σ σ σ= −  (2.6) 
 
Integrating dG with respect to σ over a range of σ = 0 to σ gives, 
 
0 ijkl kl ijG G s dσ σ σ σ= − ∫  (2.7) 
2
0
1 [ ]
2 ijkl kl ij
G G sσ σ σ= −  (2.8) 
 
To simplify working with the above expression it can be rewritten in matrix form in which sijkl 
is a 6 x 6 matrix, s. The stress tensors are represented as 1 x 6 matricies such that the 
expression for the Gibb’s free energy becomes, 
 
2
0
1 [ ]
2
TG G σ= − σsσ  (2.9) 
 
To minimise the Gibb’s free energy the term Tσsσ must be a maximum.  
 
2.5.2 A Hexagonal Crystal in a Biaxial Stress Field 
 
The Gibb’s free energy for a hexagonal system, where the stress is applied along the x and y 
axis, is examined 27. The stress applied to the film, which is biaxial, can be represented as the 
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difference between a hydrostatic stress and a uniaxial stress operating orthogonal to the 
biaxial stress plane, i.e. 
 
b h zσ σ σ= −  (2.10) 
 
Where bσ is the biaxial stress tensor, hσ  the hydrostatic tensor and the uniaxial tensor zσ  
which have the form, 
1 0 0
0 1 0
0 0 1
hσ
 
 
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 
 
 and 
0 0 0
0 0 0
0 0 1
zσ
 
 
=  
 
 
 (2.11) 
 
Rotating the stress field to a new arbitrary orientation relative to the crystallographic axes 
gives, 
 
R R
b h zσ σ σ= −  (2.12) 
 
The hydrostatic stress tensor is a unit tensor and as such is invariant under any rotation as the 
hydrostatic force is equal in all directions; the uniaxial stress tensor Rzσ  is not invariant in a 
hexagonal system. The form of Rzσ  can be obtained by applying the transformation law for 
rank two tensors, 
 
R
ij ik jl kla aσ σ=  (2.13) 
 
where aik is the transformation matrix.  
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When representing the rotated hydrostatic and uniaxial stress tensors in their 1 x 6 matrix 
form, they become, 
 
( )1 1 1 0 0 0hσ =  and 
( )2 2 211 21 31 31 21 31 11 21 11Rz a a a a a a a a aσ =  
(2.14) 
 
The expression for the Gibb’s free energy given in equation 2.9 when under a biaxial stress 
field as given in equation 2.12 becomes, 
 
2
0
1 [ ]
2
T R RT RRT T
h h z z zh z hG G σ= − + − −σ sσ σ sσ σ σ σ σs s  (2.15) 
 
Where the matrix for the elastic compliance, s, for a hexagonal system is, 
 
( )
11 12 13
12 11 13
13 13 33
44
44
11 122
s s s
s s s
s s s
s
s
s s
 
 
 
 
 
 
 
  
− 
 (2.16) 
 
The first term in the brackets of equation 2.15 includes only the hydrostatic stresses which are 
invariant under any rotation and can be readily solved to give, 
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The remaining three terms are not invariant but can also be solved to give, 
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(2.18) 
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Substituting the results of equations 2.17 to 2.20 into equation 2.15 gives the final expression 
for the Gibb’s free energy in terms of only the elastic compliance and the term 31a  which is 
the cosine of the angle between the c axis of the crystal and the normal to the substrate, 
 
( )2 20 33 13 11 12 33 13 31
2 2 2 4
11 31 13 44 31 31 33 31
1 [ 2 2
2
(1 ) (2 ) (1 ) ( )]
G G s s s s s s a
s a s s a a s a
σ= − + + + − −
+ − + + − +
 (2.21) 
 
Which when expressed in terms of the angle θ, forms the expression, 
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 (2.22) 
 
Equation 2.22 can then be used to predict the crystal orientations in terms of the angle they 
make with the normal to the surface of the substrate. The minima of the Gibb’s free energy 
can be found when the second term, 
( ) ( )2 2 4 4 2 211 12 13 33 33 11 13 441 2 cos cos sin cos sin 22 s s s s s s s sσ θ θ θ θ θ + − − + + + +    
is maximised, which will give the most energetically favourable orientation of the crystals c 
axis under a biaxial stress field. 
 
2.5.3 Preferential Sputtering and Channelling 
 
High energy ions are known to preferentially travel down the more open directions of a 
crystal. Dobrev 29 treated thin coatings of silver onto glass with a predominant 111  axis 
normal to the surface, with 10 keV argon ions at normal incidence and found that the 
dominant orientation changed to the 110  direction orientated with the ions direction. This 
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change in orientation was seen for a number of different bombardment conditions and 
suggested that the argon ions were causing preferential sputtering rearrangement of the silver 
atoms for non-channelling directions.  
 
Certain directions (the channelling directions) in the cubic lattice allow for the incident ions to 
channel deep into the film, reducing the rate of energy dissipation along the track. Piercy et al. 
30
 found that for cubic aluminium oxide, the channelling length for 40 keV krypton ions was 
longest for ions that travelled along the 110 , followed by the 100  direction, with the 
shortest distance travelled along the 111  direction. This relation was also found by Andreen 
and Hines 31 using deuterium and helium ions into gold. Therefore certain crystal orientations 
channel incident ions into the film leaving them with minimal levels of damage, whilst other 
crystal orientations will encourage sputtering where the incident ions cannot channel through 
the film 32.  
 
Yu et al. 33 studied argon ion bombardment of niobium thin films during deposition, using an 
argon ion beam operating at 200 eV at an angle of 20° from the normal to the substrate. The 
films formed with the 110  crystal direction aligned to the normal of the substrate. It is 
suggested that this crystal orientation is encouraged to grow by the argon sputtering away 
other crystal directions.  
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2.5.4 Surface Energy 
 
In general, the energy of a surface is dependant on the number of broken bonds that are 
exposed. The more broken bonds, the higher the energy of the surface and as such the less that 
surface is favoured. It is then expected that initially all thin films will try to orient the crystals 
to minimise the surface energy. This will have an effect on the preferred orientation 
particularly for films with low thickness and stress.  
 
2.6 INDENTATION HARDNESS 
 
The indentation hardness was measured using an Ultra Micro Indentation System (UMIS 
2000, CSIRO, Australia), configured with a Berkovich (three-sided pyramid) diamond tipped 
indenter. Measurements of the load and depth penetration were recorded simultaneously using 
a load–partial-unload procedure 34. Peak contact loads, P, of 0.5, 1 and 2 mN were used with 
the maximum indenter penetration varying from approximately 20% (for P = 0.5 mN) to 
approximately 60% (for P = 2 mN) of the film thickness. A minimum of five indents at each 
load was made and the results averaged. The hardness H (in GPa) was determined from:  
 
PH
A
=  (2.23) 
 
where 2A api= , and a is the contact radius ( )22 p pa Rh h= −  in metres, with R the tip radius 
and hp the plastic penetration depth. The indenter tip was calibrated using fused silica glass 
(elastic modulus E = 70 GPa and Poisson’s ratio ν = 0.2) to determine an effective tip radius 
profile over a range of penetration depths. In order to minimize the influence from the 
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substrate, the hardness values reported here are for an indentation depth of less than 25% of 
the film thickness. Further details of the hardness measurements are reported elsewhere 35. 
 
2.7 ELLIPSOMETRY 
 
Ellipsometry can be used to find the real and imaginary refractive indices of a thin film 
coating. Ellipsometry relies on the analysis of the change in polarisation of a coherent light 
source as it passes through the film and reflects off the interfaces of the coatings being 
studied. By measuring the intensity of the light reflected parallel and perpendicular to the 
surface over a range of angles of incidence, a series of equations can be found that when 
solved give the real and imaginary parts of the refractive index if the thickness of the film is 
known. 
 
The thin film coatings of TiVN were analysed with a Gaertner L116B ellipsometer, operating 
at the helium-neon laser wavelength of 633 nm, and at angles of incidence of 50, 60, 65, 70 
and 75 degrees. The complex refractive index of each film was derived from the ellipsometric 
psi and delta values in a fitting procedure that took account of thin-film interference effects, 
using the film thickness measured by TEM. 
 
2.8 X-RAY DIFFRACTION 
 
X-Ray diffraction (XRD) is a powerful technique that can give the crystallography of 
materials. XRD was performed on films coated onto glass slides. Films coated onto silicon are 
not suitable for XRD analysis as the diffraction signal from the silicon substrates swamped all 
the interesting features from the films. Films that were deposited onto the glass substrates 
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were fabricated at the same time as the films were deposited onto silicon. Further information 
on X-Ray diffraction can be found in numerous texts, for example, see reference 36. 
XRD data was collected using Cu Kα (1.5418 Å) radiation (40 kV, 40 mA), Bragg-Brentano 
(θ-2θ) geometry with 2 mm divergence slit and 0.05 mm receiving slit, graphite 
monochromator, 2θ = 30-80°, step size 0.02° and counting time of 10 secs per step. Peaks 
were identified using the JCPDS-ICDD x-ray database, no 25-1133 for aluminium nitride, 
hexagonal structure.  
 
2.9 TRANSMISSION ELECTRON MICROSCOPY 
 
Cross Sectional Transmission Electron Microscopy (X-TEM) is a powerful technique for 
examination of the microstructure of thin films. X-TEM allows accurate determination of the 
crystal structure within the film, and a view of the growth characteristics as a function of 
depth. However, samples for this work need to be thin enough to be transparent to an electron 
beam in order to generate results, thus specimen preparation is required. In addition to 
imaging, selected area diffraction patterns were gathered from the X-TEM samples, which 
provide information on the crystal orientations within the films. 
 
Determination of atomic composition can be conducted on the X-TEM samples by using both 
Energy Dispersive Spectroscopy (EDS) and Electron Energy Loss Spectroscopy (EELS). EDS 
can give a quantitative analysis of the proportions of the elements within the films by 
analysing characteristic X-Rays that are emitted from excited atoms within the film. EELS 
looks at the characteristic losses in energy of the primary electron beam; these losses contain 
elemental information and also information on the bonding state of the atoms involved. 
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2.9.1 Cross Section Sample preparation 
 
Generation of a sample thin enough for TEM analysis was achieved using a combination of 
mechanical tripod polishing and ion beam thinning. Deposited thin films were cleaved and 
combined into a “sandwich” formation (see Figure 2.10) allowing the films to be viewed in a 
cross section. X-TEM sample to allow for accurate measurement of the thickness of the films 
and analysis of the interface between film and silicon, and the surface of the film. Multiple 
films can be placed within each sandwich increasing the efficiency of the technique. 
 
The sandwich is thinned down to a wedge by mechanical polishing with diamond lapping 
pads until the thinnest part of the sample becomes optically transparent. The wedge is 
mounted on a copper notched grid and placed into an ion beam thinner (GATAN Dual Ion 
Mill model 600) and Precision Ion Polishing systems (GATAN PIPS model 691) to obtain 
sections that are transparent to the electrons used in the TEM. The operating voltage of the ion 
beam thinner was 4 kV with gun currents of approximately 1 mA. Final thinning and cleaning 
was performed in the PIPS operating with each gun at 4 kV and currents of approximately 25 
µA.  
 
In each ion beam apparatus, the thinning stage was set to rotate. The ion beam thinner has 
facility to allow variable rotation speeds depending on the construction of the sample. This 
allows rotating of the sample at higher speeds over certain portions of the film, allowing for 
preferential thinning of the sample. Excessive thinning of a sample along the glue join 
weakens the sample’s structure, increasing the likelihood of breakage. To further help this, 
samples were shielded with glass slide covers during use in the ion beam thinner, reducing 
unwanted sputtering from the sample stage onto the sample. The precision ion polisher system 
contains a similar feature, but rather than changing the rotation speed, the ion beams are 
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switched on and off depending on the position of the sample, a process called dual beam 
modulation. An example of the final sample is shown in Figure 2.10c 
 
 
Figure 2.10 a) sandwich construction b) wedge set up, yellow lines represent the position of 
the coatings within the wedge c) final sample showing optical transparency at the thin point of 
the wedge. 
 
2.9.2 Plane View Sample preparation 
 
Plane view samples were prepared by a combination of mechanical tripod polishing and ion 
beam thinning. Samples were mounted with the film side glued onto a flat polished piece of 
silicon. The uncoated side was polished down until a thickness of approximately 80µm is 
reached. The films are then mounted onto copper grids, placed in a Precision Ion Polishing 
system (GATAN PIPS model 691) and ion beam thinned at 4 kV until a hole is formed 
through the centre of the film. The edges around this hole are thinned sufficiently to be 
electron transparent in the TEM. 
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2.9.3 TEM Imaging 
 
X-TEM was performed on selected samples using a Jeol 2010 TEM operating at 200 kV.  
X-TEM allows easy analysis of the thickness of the films, the surface, the interfaces, 
microstructure and composition, utilising the techniques of high resolution imaging, selected 
area diffraction analysis, dark field imaging, scanning transmission electron microscopy and 
electron energy loss spectroscopy. A detailed description of many of the techniques of TEM 
can be found in numerous texts, a good example is the series written by Williams and Carter 
37
, the aspects important to this thesis are provided below. 
 
2.9.4 Electron Diffraction 
 
Analysis of electron diffraction for cross sectioned thin films is very useful, diffraction 
patterns can define how crystalline the film is (i.e. whether it is highly ordered, polycrystalline 
or amorphous). Diffraction patterns can determine the lattice parameters and the grain 
morphology. Thin films generated by filtered cathodic arc are often seen to be polycrystalline 
in nature, something which electron diffraction patterns can easily detect. It is important to 
know if the crystals within the film are orientated preferentially as this can greatly affect the 
film properties.  
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2.9.5 The Structure Factor of Aluminium Nitride 
 
To find the structure factor of any crystal the basis vectors for the atoms within the crystal 
need to be established. For AlN in the wurtzite form, the basis vectors for two Al and two N 
atoms need to be found. It is important to include the four atoms in this set due to the slight 
distortion of the wurtzite structure. The vectors can be shown to be, Al1 – ( )0,0,0 , Al2 – 






−−
2
1
,
3
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3
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u  and N2 – ( )1,0,0 −u . Where the subscripts represent the atoms 
as shown in Figure 2.11 and u represents the distortion inherent in the AlN crystal lattice 
which has been measured to be 0.385 38. Employing these basis vectors into the equation for 
the atomic scattering factor of a electrons through a crystal The structure factors for the Al 
and the N atoms are, 
 
21 exp(2
3 3 2Al Al
h k lF f ipi  = + − + −  
  
 (2.24) 
{ }2 1exp(2 exp(2 1
3 3 2N N
h kF f i u l i u lpi pi   = − + + − + −   
   
 (2.25) 
 
where FAl and FN are the atomic scattering factors of Al and N for the crystal planes defined 
by the Miller indicies h, k and l. The intensity of scattering for a given diffraction spot is 
given by the magnitude of the square of the sum of these two terms, 
 
2
NAl FFI +=  (2.26) 
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Figure 2.11 Side view of an AlN crystal looking across the (0002) planes, with the basis set 
indicated by the atoms Al 1, Al 2 and N 1, N 2. 
 
 41 
2.9.6 Dark Field Imaging 
 
Dark field imaging utilises one part of the diffraction pattern to generate an image. The 
electron beam is tilted such that the diffraction feature of interest is centred along the optical 
axis. An aperture is placed around an interesting diffraction feature in the diffraction pattern, 
blocking out all electrons other than those that pass through this aperture. The sample can 
then be imaged with the aperture in place, giving an image of the sample showing only 
crystals that diffract electrons along that path. Dark field imaging can give an image of the 
distribution of crystals within a film, along with their approximate size and shape. 
 
2.9.7 Electron Energy Loss Spectroscopy 
 
A Gatan Imaging Filter attached to a TEM allows electron energy loss spectroscopy (EELS) 
to be performed. EELS analyses the electrons that have passed through the sample by 
detecting the energy that they have lost through various interactions. If a sample is very thin 
the majority of the electrons from the primary beam will not interact with the sample or will 
scatter elastically and lose no energy, these electrons form the zero-loss peak. Some of the 
electrons will lose energy to plasmon scattering where the beam generates oscillations in the 
weakly bound electrons of the material. These effects generally take energy of the order of 10 
– 50 eV from the electron beam and give a plasmon peak in the spectrum at this position. 
Higher energy losses can also occur if the electron beam interacts with an inner shell electron, 
causing it to jump to a higher energy state. Primary electrons that have given energy to this 
process form a peak known as the ionisation edge and the position of this edge is dependant 
on the atom that the inner shell electron belongs to. The shape of the ionisation edge can also 
indicate the bonding of the material examined. This area allows for analysis of the 
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compositions and is used heavily in Chapter 6. A typical electron energy loss spectrum taken 
from an AlN thin film coating can be seen in Figure 2.12 
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Figure 2.12 a typical electron energy loss spectrum showing the zero loss peak, the 
plasmon peak and the inner-shell ionisation edges. 
 
 
2.9.8 Energy Filtered TEM 
 
A complimentary technique to EELS is energy filtered TEM (or EFTEM). EFTEM involves 
placing a slit around a particular region of an EELS spectrum corresponding to a feature of 
interest. This may be the zero loss peak, plasmon peak, or the core-loss peaks as shown in 
Figure 2.12. Images using the electrons contained within the slit, which have lost energy to 
the feature of interest, can be formed. In Chapter 6, EFTEM imaging is used to define the 
mixing of the constituent elements of the films by generating elemental maps. 
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2.10 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION 
 
Reflection high energy electron diffraction (RHEED) is a technique that examines the 
crystallography of the very near surface of a film. RHEED was performed on all samples 
using a Jeol 100CX TEM and a Jeol 1010 TEM, both operating at 100 kV. Samples were 
cleaved into 5 mm x 5 mm pieces and each surface cleaned with ethanol. RHEED patterns 
were obtained on each film and analysed to determine which films would be prepared for X-
TEM. 
 
RHEED provides diffraction data from the surface of the material by placing a probe at a very 
low contact angle to the surface (see Figure 2.13). A probe operating at 100kV of diameter of 
less than 0.2mm is focused onto the surface at a glancing angle. The electrons interact with 
the first few atomic layers of the surface and scatter elastically. The first few layers operate 
like a diffraction grating and the scattered electrons give information on the crystal structure, 
the surface orientation and the degree of surface roughness 36. 
 
 
Figure 2.13 Schematic of the RHEED set up in a TEM (note: not drawn to scale). 
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2.11 AUGER ELECTRON SPECTROSCOPY 
 
Auger Electron Spectroscopy (AES) can be used to accurately find the concentrations of 
elements in a sample. AES was performed on the AlN thin films for Chapter 5 to analyse the 
variation in O content over a range of deposition rates. Experiments were performed on a VG 
310F scanning Auger nanoprobe operating at 10 kV. A depth profile for each sample was 
performed by sequentially sputtering the thin film with an argon ion beam operating at 3 keV. 
The specifics of the AES technique can be found in many texts and will not be covered here 
36
. 
 
2.12 ATOMIC FORCE MICROSCOPY 
 
Atomic Force Microscopy (AFM) utilises the scanning of a fine tip across the surface of a 
sample and measures the deflection of that tip to gain information about the height and 
surface roughness. AFM was conducted on the AlN thin films for chapter 5 to analyse 
variations in surface roughness with changing deposition rate. 
 
AFM scans were conducted on a Nanoscope IIIa AFM with the tip operating in tapping mode 
36
. A laser illuminates the back of the tip and its reflection is recorded onto a four quadrant 
photodiode. Any deflections in the tip result in a change in the path of the laser which can be 
recorded. The maximum vertical resolution achievable by the AFM used in this study is 0.3 
nm 
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CHAPTER 3 – ALUMINIUM NITRIDE THIN FILMS 
PREPARED WITH A CONSTANT SUBSTRATE BIAS 
 
This chapter examines the thin film properties of stress and crystal orientation 
as a function of a constant bias applied to the substrate in the range of 0 to -350 
V for aluminium nitride films coated by continuous filtered cathodic arc. A 
systematic study of the bias effect had not been conducted prior to the 
experiments detailed in this chapter. A model is proposed based on minimization 
of Gibb’s free energy to understand any preferred orientation effects observed in 
the coatings. Some of the experimental data presented in this chapter appear in 
the paper ‘The Effect of Intrinsic Stress on Preferred Orientation in AlN Thin 
Films’ 1. 
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3.1 BACKGROUND 
 
Aluminium nitride crystallizes in a hexagonal structure and when grown as a thin film under 
conditions which do not favour epitaxy, it forms as a granular microcrystalline material with 
the crystallite size determined by the growth conditions. In the majority of cases the 
crystallites of thin films are found to have a preferred crystallographic orientation with respect 
to the plane of the substrate 2-8. Wang et al 3 found for AlN films fabricated by ion-beam 
sputtering of pure Al in a N2 atmosphere, all formed with the c-axis perpendicular to the 
substrate surface.  
 
This chapter examines the effect of depositing AlN thin films onto a silicon substrate that has 
a continuous negative bias applied. The effects of a constant negative bias has previously been 
analysed for many thin films  such as chromium on silicon 9, titanium on silicon10, titanium 
nitride on silicon 11, titanium nitride on tungsten carbide 12, tetrahedral amorphous carbon on 
silicon 13, tetrahedral amorphous carbon and cobalt alloy on silicon 14. It has been shown that 
all the films studied follow a typical intrinsic stress vs. bias curve as shown in Figure 2.4. The 
curve frequently starts at tensile stress when the substrate is earthed (i.e. at 0 V) and the 
natural energy of the depositing species is low (< 1 eV). As the bias or natural energy is 
increased, the intrinsic stress becomes compressive until reaching a maximum level of 
compressive intrinsic stress, after which the stress drops steadily to a lower level of 
compressive stress.  
 
Windischmann 15, reported that using a nitrogen ion bombardment energy of 100 eV during 
ion-beam sputtering of AlN results in intrinsic stresses of up to 2.8 GPa with the c-axis 
perpendicular to the film. For growth using energies above 100 eV a change to a c-axis in the 
plane of the film orientation was reported for energies between 300 and 500 eV 5,7,8. 
Takikawa et al. 16 deposited thin films of AlN onto silicon, molybdenum and glass by a 
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reactive vacuum-arc and found that films deposited under a floating (i.e. unearthed) bias 
formed preferred orientation of the c-axis in the plane of the film, this result was also seen in 
films deposited in a low RF bias at 25W. For an earthed film they found that AlN coated onto 
molybdenum had no preferred orientation, however, when coated on silicon and glass the 
films showed preferred orientation with the c-axis in plane.  
 
This chapter describes the effect on the stress and microstructure of films deposited using a 
filtered cathodic arc (as described in Chapter 2.1.1) under the influence of ion impact energies 
ranging from tens to several hundred electron volts, to give a systematic and clear 
representation of the effect of substrate bias. The changes in intrinsic stress as a function of 
the ion energy are examined and a study of the microstructure of the samples has been 
performed and compared to the preferred orientation predicted for a hexagonal system under a 
biaxial stress field (see Chapter 2.4.1).  
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3.2 EXPERIMENTAL CONDITIONS 
 
The thin films of AlN were fabricated using the continuous filtered cathodic arc as described 
in Chapter 2.1. The experimental parameters are described in Table 3.1 and were kept 
constant for all films made in this chapter. 
 
 
Deposition Conditions Setting
N2 Flow Rate 7.0 sccm
Ar Flow Rate 2.0 sccm
Cathode Purity 99%
Arc Current 50 A
Base Pressure 2 x 10-5 Torr
Pre-Deposition Pressure 1.2 x 10-3 Torr
Deposition Pressure 5 x 10-4 Torr
Substrate Bias Voltage 0 to -350V
 
Table 3.1 Conditions for the deposition of AlN 
constant bias films. 
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3.3 INTRINSIC STRESS 
 
Figure 3.1 shows the measured intrinsic stress as a function of the bias on the substrate. The 
actual ion impact energy will be somewhat different than the applied bias voltage for three 
reasons. Firstly, the cathodic arc plasma plume has a natural drift velocity normal to the 
cathode surface and the corresponding drift energy is added to the energy gained by the ions 
in falling through the potential from the plasma to the substrate. This extra energy is of the 
order of a few tens of electron volts. The second perturbation to the impact energy arises from 
the fact that in an Al cathodic arc plasma there are some doubly and even a few triply charged 
ions. Although their number is reduced due to the presence of the background nitrogen gas it 
is expected that a minority of ions will have higher charge states and thus will gain twice or 
three times the energy of a singly charged ion when falling through the potential to the 
substrate. Also the bias at the films surface may be less than the bias of the substrate holder, 
as the growing film is an insulator. It is clear from Figure 3.1 that AlN shows behaviour 
similar to most other materials, whereby residual stress initially increases with increasing 
energy, reaching a maximum compressive stress, then as the bias is increased the stress 
decreases. The highest compressive stress film, with a stress of 3.9 GPa, was found to occur 
with a bias energy of -200 V applied to the substrate. This compares well with the stress 
found by Windischmann who reported a maximum stress of 2.8 GPa 15.  
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Figure 3.1 Intrinsic Stress vs. bias voltage for a range of films. Convention of 
positive stress is compressive and negative tensile used. 
 
 54 
3.4 MODELING THE STRESS 
 
The following section is based on a recent publication by Bilek and McKenzie titled ‘A 
Comprehensive Model of Stress Generation and Relief Processes in Thin Films Deposited 
with Energetic Ions’17 
 
3.4.1 Stress Generation 
 
It has been shown that materials deposited with an applied bias on the substrate form thin 
films with compressive stress. In the case of the AlN films in this study, the stresses are not 
likely to be formed by lattice mismatching between the substrate and film. This is due to the 
amorphous silicon layer created by argon plasma cleaning prior to depositing the films. Also 
the temperatures involved during the coating of the thin films are low, minimising the effect 
of extrinsic stress.  
 
When depositing thin films via energetic means (such as cathodic arc), the films are very 
dense 18. There has been much debate on the formation of this high density, including its 
formation by sub-plantation of atoms 19 or as a result of high levels of internal stresses 20. A 
recent simulation by Marks et al. 21 shows that during the simulated growth of a carbon thin 
film with energetic impacts, the incident atoms enter the growing surface layer of atoms. If 
the ion has sufficient energy, it will implant itself below the surface. In either case the new ion 
may insert itself into a compressive stress generating position, resulting in densification of the 
region around it. In the case of metals this is not a significant issue as the ability of metals to 
flow allows for the relaxation of the stresses caused by the incident ion. For covalent bonding, 
the strength of the bonding does not allow for relaxation as plastic flow of the material is 
heavily restricted, thus the local density around the incident ion will exceed that of the 
unstressed film.  
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Energy brought in by the ion will result in a chance that the stressed site may be removed. 
Further simulations by Marks et al. 22 have shown that the time in which this energy dissipates 
within its region of effect is of the order of  picoseconds for ions with incident energies below 
a few hundred eV. It has been shown that this length of time is insufficient for rearrangement 
of the atoms near the incident ion. In this study, the required bias voltage for stress relief to 
begin was found to be greater than 200 V. 
 
Figure 3.2 shows a schematic of the region of effect that an incident, energetic ion will have 
on a film’s surface. The black circle is the incident ion and the white region is the volume of 
the film that has increased stress. This case assumes that the incident ions only generate stress. 
 
 
Figure 3.2 Schematic of the thermal spike process. The black spot represents the impact 
site of the incident high energy ion, stress generation occurs within the white region. 
 
Recent simulations by Pearce et al. 23 have shown that an assumption of the treated region 
being roughly hemispherical for incident ions of energies up to 200 eV can be made. 
Relationships for the volume of the treated regions, in particular the light grey (stress 
generating region) can be obtained. The volume of this region will be proportional to the 
energy of the ion once it has entered the surface of the coating bEE − . Where Eb is the energy 
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the incoming ion requires to enter the surface of the film and E is the energy of the incident 
ion. The volume of the stress generating region will be, 
 
( ) dtEEkdtrV bstressed 3
23
2
2
2
322 −
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
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

==
pi
pipi  (3.1) 
 
Where r is the radius of the volume in which the energy is deposited and dt is the thickness of 
the light grey region, which is expected to be of the order of one bond length and should 
remain independent of the ions’ energy. Marks 22 has shown that the volume of the thermal 
spike is proportional to the energy of the ion by the expression, 
 
( ) 3
3
2
rEEk b pi=−  (3.2) 
.  
The stress within a thin film can be considered as the sum of the number of stressed sites 
within the film. The number of stressed sites is proportional to the volume of the stressed 
region which allows us to write the expression for the stress generation as, 
 
( )32bg EEC −=σ  (3.3) 
 
Where C and bE are constants and gσ is the stress generated. 
 
Considering the case where the thermal spike fills a volume that forms a cylinder, the stress 
generating volume becomes ( )bEEkdr −=2pi  and the expression for the stress generated, 
assuming that r (the diameter of the cylinder) is constant, 
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( )bg EEC −=σ  (3.4) 
 
A third model for the stress generation, developed by Davis 24, has been formulated in terms 
of the effect of an incoming energetic ion causing a cascade of forward sputtered materials. 
This model gives the stress generated as,  
 
( )21bg EEC −=σ  (3.5) 
 
Which is based on the number of ions which are implanted beneath the films surface as, 
2
1
jEn ∝ . All of which generate stressed sites.  
 
The three models presented in equations 3.3, 3.4 and 3.5 have been fit to the experimental 
data in the range of 0 to -200 V and are shown in Figure 3.3 With the values for C and Eb 
shown in Table 3.2 along with the R2 of the fit. The data has been fit over the range of 0 to -
200 V as samples during this range show a clear increase in the compressive stress. As the 
bias voltage is increased beyond -200 V, the compressive stress begins to decrease, suggesting 
some stress relaxation is occurring. These models do not account for this effect. Equations 3.4 
fits the experimental data well, though more experimental data is required to fully test its 
validity. Note that to fit the data over a plot of the voltage, it is assumed that the energy E is 
equal to the mean charge state of the plasma times the bias voltage. 
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Equation Model C Eb R2
3.3 0.08 ± 0.02 44.5 ± 55.1 0.69
3.4 8 x 10-3 ± 2 x 10-3 -89.4 ± 61.1 0.88
3.5 0.21 ± 0.04 62.5 ± 40.4 0.65( )21bg EEC −=σ
( )bg EEC −=σ
( )32bg EEC −=σ
 
Table 3.2 Fitting data for the models of equation 3.3, 3.4 and 3.5. 
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Figure 3.3 Plot of intrinsic stress from 0 V to -200 V with fits from equations 3.3, 3.4 and 
3.5. The fits are plotted over this range due higher bias resulting in stress relief which is 
not covered by the models. 
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3.5 MICROSTRUCTURE 
 
In order to determine if any preferred orientation exists in the AlN films it is necessary to 
prepare cross sectional transmission electron microscopy (X-TEM) samples. X-Ray 
diffraction is not capable of resolving the characteristic features of the AlN films from the 
silicon substrate. This is due to the films being too thin to generate sufficient signal. 
 
X-TEM samples of films grown with a bias of 0 V (earthed), -200 V, and -350 V were 
prepared. The X-TEM images obtained from these films are shown in Figure 3.4. The cross-
sectional images show the silicon substrate (to the left), amorphous carbon glue (to the right) 
and the AlN film (in the middle). There is also a mixing layer approximately 8 nm thick 
between the film and the substrate caused by the initial sputter cleaning with argon of the 
silicon substrate using 3 kV, 20 µs pulses at 1200 Hz for approximately 15 minutes as 
described in section 2.2.3. The film in figure 3.4c) shows an interesting variation in structure 
in terms of film height. At the surface it appears to be crystalline, suggesting that the surface 
constraining the AlN in this region. Nearer to the substrate the film appears almost 
amorphous. This occurs to a lesser extent in the films shown in figure 3.4a) and 3.4b), due to 
the difference in the thicknesses of these films. 
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Figure 3.4 Cross sectional TEM images of AlN thin films deposited using a continuous  
bias, a) Earth potential AlN thin film with intrinsic stress of 1.2 GPa, b) -200V  Bias AlN 
thin film with intrinsic stress of 3.9 GPa and c) -350V Bias ALN thin film with intrinsic 
stress of 1.2 GPa. 
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The diffraction patterns shown in Figure 3.5 have been correctly aligned with respect to each 
film image. Figure 3.5a) is the diffraction pattern for the 0 V bias film and shows no evidence 
of preferred orientation. In the case of the -200 V bias film (Figure 3.5b), the corresponding 
results show a strong defined arc corresponding to the c xis aligned parallel to the substrate 
surface. This type of diffraction pattern strongly suggests preferred orientation within the film 
with the majority of the crystals aligned with their ( )0002  planes perpendicular to the surface 
of the film. This alignment may have important implications in regards to its mechanical 
properties of the coating. Lee et al. 25 examined the effect of changes in preferred orientation 
in tantalum nitride films and found that the indentation hardness was strongly dependant on 
the preferred orientation. The diffraction pattern for the -350 V bias films’ (Figure 3.5c) 
shows a increase in the width of the arcs, suggesting less uniform orientation of the crystals 
within the film. 
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Figure 3.5 Selected area diffraction patterns taken of the AlN thin films, a) Earth 
potential thin film, b) -200 V thin film and c) -350 V thin film and d) 
characterised earth potential selected area diffraction pattern. In all cases the film 
is aligned vertically as in Figure 3.4. 
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3.6 PREDICTING THE PREFERRED ORIENTATION IN A HIGH 
STRESS FILM 
 
In this section, the orientation of AlN crystals in a biaxial stress field is predicted using the 
Gibb’s free energy model described in 2.4.1. A plot of the variation of the bulk strain energy 
as a function of the angle of the crystal c axis to the normal to the surface of the substrate is 
shown in Figure 3.6 for three sets of elastic compliance values. The compliance values used to 
form the plots in Figure 3.6 have been calculated using the elastic compliance values given by 
McNeil 26, Kim 27 and Deger 28 are summarised in Table 3.3. Additional elastic constants have 
been published by Tsubouchi 29 and Carlotti 30. However, they do not include a value for c12 
and will not be used. 
 
Compliance McNeil Kim Deger
s11 2.89 x 10
-3 1.94 x 10-3 1.85 x 10-3
s12 -0.93 x 10
-3 2.67 x 10-4 1.53 x 10-4
s13 -0.50 x 10
-3
-7.33 x 10-4 -5.10 x 10-4
s33 2.82 x 10
-3 3.11 x 10-3 2.83 x 10-3
s44 8.00 x 10-3 10.4 x 10-3 8.33 x 10-3
Value (Gpa)-1
 
Table 3.3 Compliance values taken from McNeil 26, Kim 27 and Deger 28. 
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Figure 3.6 Plot of the ( ) ( )2 4 4 2 22 cos cos sin cos sin 211 12 13 33 33 11 13 44s s s s s s s sθ θ θ θ θ+ − − + + + +    term 
of the Gibb’s free energy (equation 2.22) obtained using the compliance values in 
Table 3.3. 
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The curve in figure 3.6 gives the magnitude of the second term (bulk strain energy term) in 
equation 2.22 in terms of the angle that the crystal c axis makes to the normal of the substrate. 
The points on the graph that give the maximum value will result in the largest reduction in the 
Gibb’s free energy and will therefore be the most energetically favourable crystal orientation. 
Using the compliance values from McNeil 26, the expected crystal orientation that minimises 
the Gibb’s free energy will be with the c axis aligned at angles of θ = 64° and θ = 116° to the 
surface. From Kim 27 the c axis should align at angles of θ = 50° and 110°. Using the 
compliance values measured by Deger 28, the c axis should align at angles of θ = 55° and 
105°.  
 
This work will concentrate on the prediction of the energy minimisation in terms of the 
compliance values from McNeil. The magnitude of the second term in equation 2.22 shows 
little variation across a range of angles of the c axis to the substrate normal. From the 
diffraction pattern for the -200 V biased film (see Figure 3.5b), the c axis is constrained to lie 
within an angular range of θ = 76° and θ = 104°. For the -350 V biased film (see Figure 3.5c), 
the c axis is constrained to lie within an angular range of θ = 71° and θ = 108°. These values 
are close to those predicted by McNeil.  
 
The shape of the curve in Figure 3.6 is very sensitive to the value of s44. By changing the 
value of s44 to 6 x 10-3 (a value which lies within the errors given by McNeil) the curve 
instead shows a maximum at 90 degrees, as shown in Figure 3.7. From this it is expected that 
the true position of the c axis will lie somewhere between θ = 64° and θ = 116°. 
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Figure 3.7. Plot of the ( ) ( )2 4 4 2 22 cos cos sin cos sin 211 12 13 33 33 11 13 44s s s s s s s sθ θ θ θ θ+ − − + + + +    
term of the Gibb’s free energy (equation 2.22) using a value of s44 = 6 x 10-3. 
 
In addition to the variations that are caused by the value of s44, the surface with the more 
favourable energy may contribute to the preferred orientation of the film. Calculations 
conducted by Russo et al. 1 have found that the ( )1120 and ( )1010  surfaces have a lower 
surface energy, thus the AlN films are expected to terminate at these surfaces, see Table 3.4. 
The termination of the surface in either of these orientations will constrain the c axis to lie 
parallel to the film surface. The ( )0001  surface has a high surface energy due to the polar 
nature of that layer. The AlN films fabricated in this chapter are very thin (thicknesses 
ranging from 20 – 40nm) and it is feasible that these preferred surface orientations will have a 
strong effect on the preferred orientation of the films. If this is the case, then the c axis of the 
crystal should lie close to an orientation of θ = 90°. This helps to explain the discrepancy 
between the expected orientations given by the Gibb’s free energy with that found 
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experimentally as the surface energy minimisation will further constrain the c axis to lie 
parallel to the plane of the film.  
 
Surface Surface Energy (J m-2)
3.21
3.24
15.8
{ }0211
{ }0001
 
Table 3.4 Surface energies calculated 
for aluminium nitride. 
 
Finally, the film deposited under an earthed bias shows no preferred orientation. The low 
stress of this film reduces the effect of the minimisation of the Gibb’s free energy. The film is 
thicker than either the -200 V or -350 V biased films, suggesting that the effect of the surface 
minimisation is also reduced. Considering the low energy of the incident ions, the 
microstructure is formed from the random growth of the film as the Gibb’s free energy, 
surface minimisation and dynamical effects do not greatly influence the orientations of the 
crystals in the growing film. 
 
Using this information, the positions and intensities of the arcs expected to be observed in X-
TEM for samples under a high biaxial stress can be calculated. Reciprocal lattice 
contributions of allowed crystallite orientations were summed and those that intersected the 
Ewald sphere were included in the calculated diffraction pattern. The intensities ( 2hklFI = ) 
were then modulated using the equation derived in Chapter 2.9.5. Figure 3.8a) shows a 
calculated diffraction pattern for the case of the c-axis of the crystallites lying in the plane of 
the film with free azimuthal rotation and free rotation about their c axes. The plane of the film 
is located along the y-direction; the x-direction corresponds to the normal of the film and 
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substrate. The only rings which show arcs cutting the x-axis (normal to the film plane) are 
those corresponding to the ( )1010 , ( )1120  and the ( )2020  type reflections. The strongest 
reflection along the y-axis (i.e. in the film plane) is the c-axis reflection ( )0220 . It appears as a 
bright spot, indicating that the c-axis is constrained to lie in the film plane. This predicted 
diffraction pattern is placed onto the experimental diffraction pattern for the -200 V biased 
sample. The fit of the predicted pattern is reasonable.  
 
 
 
Figure 3.8a) Calculated diffraction pattern for film with texture typical of the c-axis of all 
crystallites aligned parallel to the plane of the substrate, with rotation of the a and b axis 
around the c-axis allowed, b) the predicted pattern overlaid in red on the result for the -200V 
bias film. 
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3.7 SUMMARY  
 
It has been shown that AlN deposited by cathodic arc in a background nitrogen atmosphere, 
under the influence of constant substrate bias, results in a typical stress curve observed in 
many other systems. The compressive stress reaches a maximum of 3.9 GPa at an applied bias 
of -200 V. As the bias voltage is increased further, the residual stress in the film starts to 
decrease. The results are explained using a model based on surface implantation causing 
stress generation. 
 
Minimisation of the Gibb’s free energy has been calculated under the effects of a biaxial 
stress field and the results give an excellent account of the microstructure in the experimental 
films. It is important to also consider the effects of the minimisation of the surface energy for 
the films. At low film thicknesses the surface energy is expected to be the dominate factor. 
The favoured surface terminations are the { }0211  and { }0110   surfaces. Each of these surfaces 
constrains the c axis to lie in the plane of the film. The lack of any evidence for crystal 
alignment with the direction of incidence of the energetic ions involved in the deposition 
suggests that channelling and preferential sputtering are not playing a significant role in 
determining crystal orientations in the films. 
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CHAPTER 4 – ALUMINIUM NITRIDE THIN FILMS 
PREPARED WITH A PULSED SUBSTRATE BIAS 
 
This chapter examines the effect on the intrinsic stress and microstructure of 
aluminium nitride thin films prepared by filtered cathodic arc using a pulsed 
substrate bias. The effects of a wide range of voltages and pulsing frequencies 
on the intrinsic stress and microstructure are investigated and models are 
proposed to describe the experimental results. Some of the experimental data 
presented here has been published in the paper ‘Stress Relief and Texture 
Formation in Aluminium Nitride by Plasma Immersion Ion Implantation’ 1. 
 
 
 74 
4.1 BACKGROUND 
 
The level of intrinsic stress induced by energetic ion impacts during film growth is a key 
property in determining the likelihood of subsequent delamination or cracking of the film. 
Structural properties of the film, including preferred orientation or texture, may also be 
correlated with stress. This chapter investigates the application of high voltage pulses with 
voltages in the range 2–8 kV applied to a substrate during the deposition of AlN by 
continuous filtered cathodic arc vapour deposition (system as described in Chapter 2.1.1). The 
process of immersing an object in a plasma with the application of a pulsed high voltage bias 
to generate ion bombardment is known as plasma immersion ion implantation (PI3) and has 
been described in Chapter 2.2.2. Previous work has shown that PI3 has an significant effect on 
the stress and microstructure of titanium nitride 2 and in tetrahedral amorphous carbon thin 
films 3. In each case increased bias voltage and frequency of pulsing result in a reduction of 
the compressive stress. For TiN a change in the preferred orientation of crystals within the 
film was observed with ( )111  planes parallel to the surface at low voltages and bias 
frequencies and a preferred orientation of ( )200  for high voltages and bias frequencies 2.  
 
This chapter extends on the work that has been conducted in Chapter 3 to study the 
dependence of intrinsic stress and preferred orientation on the PI3 parameters of pulse voltage 
(V) and pulse frequency (f). To assess the form of the dependence of stress on the PI3 
parameters, the data for stress is modelled as a function of the V f product using two models, a 
exponential and a percolation model. The stress and the preferred orientation of the films are 
analysed with the aim of investigating the mechanisms that cause preferred orientation. 
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4.2 EXPERIMENTAL CONDITIONS 
 
Thin films of AlN were deposited onto silicon substrates using the continuous filtered 
cathodic arc as described in Chapter 2.1.1. The settings used during the depositions are 
described in Table 4.1. 
 
Deposition Conditions Setting
N2 Flow Rate 5 sccm
Ar Flow Rate 3.7 sccm
Cathode Purity 99%
Arc Current 50 A
Base Pressure 2 x 10-5 Torr
Pre-Deposition Pressure 1.2 x 10-3 Torr
Deposition Pressure 5 x 10-4 Torr
Substrate Bias Voltage 2 to 8 kV
Substrate Bias Frequency 50 to 800 Hz
Substrate Bias Pulse Length 20 µs
 
 
Table 4.1 Settings for deposition of AlN pulsed bias 
films using the continuous filtered cathodic arc 
described in Chapter 2.1.1.  
 
4.3 VOLTAGE FREQUENCY PRODUCT 
 
The effects of energetic ion bombardment on a growing film are determined by the fraction of 
ions arriving with high energy and the value of that energy. The fraction of ions with high 
energy is determined by the duty cycle, D, of the high voltage pulses. Many of the ions 
accelerated in a plasma sheath created by pulsed bias V arrive with less than their maximum 
energy, qeV, where q is the mean charge state of the ions. A portion of the ions are accelerated 
across the plasma sheath during the rise and fall time of the pulses. During the rise time (<1 
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µs) of the bias, the sheath is still expanding, and the majority of the ions with less energy than 
that corresponding to the full potential drop arrive at this time 4. 
 
A simplifying assumption is made that the actual energy of the ions implanting into the film is 
proportional to the applied voltage, in which case the energy delivered is proportional to the 
quantity qV. The duty cycle D indicates the percentage of the ions deposited onto the film that 
are deposited under the influence of the high voltage pulse. D is given by the product of the 
high voltage pulse duration (ω) and the pulse frequency (f).  
 
The stress relief in the film is then expected to be proportional to qV fω, as noted in previous 
work 5. In the current work, ω was held constant at 20 µs and the charge state distribution, q, 
is also expected to be constant, therefore the stress should only depend on the product V f. 
 
4.4 INTRINSIC STRESS 
 
The dependence of the stress on V f is shown in Figure 4.1. The results show that a maximum 
stress value of 4.34 GPa was obtained for a film prepared using V f of 100 kV Hz (V = 2 kV, f 
= 50 Hz), the lowest value of V f that was applied in these experiments. This stress is similar 
to that found in Chapter 3 for the film deposited with a -200 V bias on the substrate. 
 
With increasing V f, the stress decreases progressively until it settles down to an average value 
of less than 0.50 GPa for V f greater than 3000 kV Hz. The V f values for these films were 
3500 kV Hz (V = 7 kV, f = 500 Hz), 4500 kV Hz (V = 9 kV, f = 500 Hz), 5000 kV Hz (V = 5 
kV, f = 1000 Hz) and 6400 kV Hz (V = 8 kV, f = 800 Hz). The films stress appears to follow 
an exponential type decrease with increasing V f, independent of the actual voltage used to 
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deposit them. This reinforces the idea that the V f is the important parameter in determining 
the level of stress. 
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Figure 4.1 Experimental stress for AlN thin films coated while applying a pulsed bias 
at a range of voltages and frequencies. The data shows a strong and effective decrease 
of compressive stress with increasing V f. Convention of positive stress is compressive 
and negative tensile used. 
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4.5 MODELLING THE STRESS 
 
Two models are formulated to account for the amount of stress relief generated by the pulsed 
high voltage ions in terms of a) the local volume in which stress is relieved by each incident 
ion and b) considering the high energy ions in terms of a percolation model. 
 
4.5.1 The Thermal Spike 
 
The exponential model 6 is based on the assumption that stress relief occurs in small isolated 
volumes (thermal spikes) surrounding the impact sites of the biased ions. It is assumed that 
each energetic ion will deposit its energy into a hemispherical volume of the material and that 
some stress will be relieved. At the edge of the thermal spike stress may be generated as there 
is insufficient energy available to completely rearrange the bonds 7. A schematic of the stress 
generation and stress relieving regions is shown in Figure 4.2.  
 
The dark grey region indicates the volume of atoms that have obtained enough energy from 
the impact to rearrange their bonding and reduce stress. The white region is filled with atoms 
that have gained some energy, but not enough to significantly rearrange their positions. This 
model is an extension of the model for the stress generation from Chapter 3.4.1. 
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Figure 4.2 Schematic of the thermal spike process, the large black spot represents the 
incident ion. Dark grey region represents stress relief and the white region stress 
generation. 
 
4.5.2 Stress Relief 
 
The presence of high energy ions during deposition will result in stress relief as the ions 
impact and dissipate their energy within the growing film. Due to the low duty cycles used in 
this work, the majority of the ions condensing on the film surface are of low energies (10 – 
200 eV) and work to generate stress in the thin film as shown in Chapter 3. The remainder of 
the ions interact with the thin film at higher energies, and generate thermal spikes of 
significant volume.  
 
This larger volume requires more time for the energy that has been brought in by the incident 
ion to dissipate. As such there is a greater opportunity for the atoms within the thermal spike 
to undergo rearrangement. This allows the incident ion, and those around it, to expand 
towards the surface and find lower energy (more favourable) bonding configurations. Since 
there are now many atoms involved and there is a high chance of them all finding favourable 
bonding configurations, large levels of stress may be relieved. As the energy of the ion 
increases, so too does the size of the thermal spike, and the amount of stress relieved. 
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Therefore even a relatively low dose of highly energetic ions can create significant stress 
relief. There will be a limit for effective stress relief, which will occur when the volume of 
each thermal spike overlaps with other thermal spikes. The model described leads to an 
exponential expression for the relationship between stress and the product of the flux of the 
high energy ions 5. 
 
Consider the deposition of a slab of film of volume V0. As the film is grown it will be treated 
with highly energetic ions. Each of these ions will be able to treat a smaller volume, Vspike, 
which will be proportional to the depth that the ions penetrate, d, and the energy of the 
incident ion. As the film grows, the energetic ions will be unable to treat any part of the film 
that has been covered by a depth of material greater than d. As such there will be a limited 
number of highly energetic ions N that will treat a particular volume of the total film. There 
will be a volume, V, where no stress relief has occurred. 
 
Considering the effect that each thermal spike has on the film by calculating the rate at which 
the untreated volume decreases with each impacting ion gives, 
 
o
spike V
VV
dn
dV
−=  (4.1) 
 
Equation 4.1 can be solved for V, 
 






−= N
V
V
V
V spike
00
exp  (4.2) 
 
The volume of the spike can be represented in terms of the energy of the incident ion E, the 
density of the material ρ and the activation energy required for atomic rearrangement to allow 
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for relaxation per atom, EA. The number of energetic ions deposited generating thermal spikes 
per unit time, N can be represented in terms of the duty cycle D, the volume of the film V0 and 
the atomic density of the film ρ, giving 
 
                        
A
spike E
EV
ρ
=  and 0N V wfρ=  (4.3 and 4.4) 
 
Equation 4.2 can now be reduced to, 
 






−=
AE
Efw
V
V
exp
0
 (4.5) 
 
The stress within the film is proportional to the volume of the stressed sites that remain. 
Hence the stress varies with the volume of the slab that has been treated, giving 
 
residual
A
residual E
Efw
V
V
σσσσσ +





−=+= exp0
0
0  (4.6) 
 
where residualσ  is the stress left within the film when all stress that can be removed by high 
energy ion bombardment has been removed. 
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4.5.3 The Exponential Model with Stress Generation and Relief 
 
There are three possible models for the generation of stress from Chapter 3 (equations 3.3, 3.4 
and 3.5) that can be combined with equation 4.6 to give, 
 
Model 1: ( ) residual
A
R
bG E
fwE
EEC σσ +





−−= exp3
2
 (4.7) 
Model 2: ( ) residual
A
R
bG E
fwE
EEC σσ +





−−= exp  (4.8) 
Model 3: ( ) residual
A
R
bG E
fwE
EEC σσ +





−−= exp2
1
 (4.9) 
 
Where GE  is the energy of the stress generating ions, RE  is the energy of the stress relieving 
ions, f and w are the frequency and pulse length of the bias voltage applied to accelerate the 
stress relieving ions. 
Due to the nature of the experiments in this chapter, the term ( )xbG EEC −  is a constant as the 
material dependant parameters bE will be the same for all the films produced, GE will be 
constant as all the films are earthed between pulses and hence the energy of the stress 
generating ions will be constant. AE , the energy per atom required for rearrangement of the 
bonds within the film will also be constant. During these experiments the pulse length w was 
kept at a constant 20 µs. Knowing this all three of the models will reduce to, 
 
( ) residualcEf σσσ +−= exp0  (4.10) 
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When fit to the experimental data for stress, this model shows excellent agreement with an R2 
of 0.98. The fitting parameters are detailed in Table 4.2 and the fit has been plotted with the 
experimental data in Figure 4.3. 
 
4.5.4 The Percolation Model 
 
The percolation model is based on previous work on the ‘Swiss cheese’ model 8 for the 
dependence of the elastic modulus of a sheet of steel on the fraction of circular holes drilled 
through it. In analogy, the assumption that the thermal spike resulting from an ion impact 
relieves the stress in an approximately cylindrical region of the film, operating in a similar 
manner to the holes drilled in a steel sheet. In this case the equation describing the stress takes 
the form 
 
SVfPC T +−= )(σ  (4.11) 
 
Where C and S are free parameters to be fit to the data, P is the percolation threshold and T is 
the critical exponent which has been shown to lie between 3 and 4 for this type of problem 8. 
The percolation threshold is said to occur when the stress relieved sections first form a 
continuous path across the film, and this is observed when the fraction of coverage of stress 
relieved sections equals 0.6. S represents the stress left within the film when it reaches the 
percolation threshold. 
 
The number of free parameters in the percolation model is 3.5. This signifies the fact that 
three of the four parameters are free, whereas the fourth, T, the critical exponent for the 
percolation process, is constrained to lie between 3 and 4. The value attained by this 
parameter for the best fit is 3.  
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It is important to note that the percolation fit can only be applied to the points with V f < P, 
where P is the percolation threshold, whereas the exponential model can be fit over the whole 
data set. The parameters for the percolation model are not well determined by the fitting 
process. This indicates that there is some coupling between the parameters so that a change in 
one parameter can be compensated for by changes in the others. A larger data set is therefore 
needed to give better parameter determinations for the percolation model. In the region of 
validity of the percolation model the two models are very close and can hardly be 
differentiated at this scale. The inset in Figure 4.3 shows an expanded plot in the range of V f 
where the percolation model fit to show the differences between the two models. The fitting 
parameters for the percolation model are shown in Table 4.2.  
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Figure 4.3 Intrinsic stress plotted against the V f product for a series of AlN thin films 
fabricated by filtered cathodic arc. The solid line shows the fit of the exponential model 
and the dotted line the fit of the percolation model. 
 
 
Fitting Equation R2 σ0 σres C P T
0.98 7.44 ± 0.54 0.37 ± 0.06 0.0059 ± 0.0001
0.99 0.421 ± 0.304 (0.154 ± 2.845)e-7 733.23 ± 507.39 3
( ) residualcEf σσσ +−= exp0
residual
TVfPC σσ +−= )(
 
Table 4.2 Fitting parameters for the exponential and percolation models. 
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4.6 MICROSTRUCTURE 
 
X-ray diffraction (XRD) data was collected for four samples and the results are shown in 
Figure 4.4. The only peak observed in the XRD patterns is the (0002) reflection of zincite 
type AlN, showing that a preferred orientation of the crystallites occurs with the c axis 
perpendicular to the plane of the film. The (0002) reflection has the strongest intensity for the 
AlN film prepared using a V f of 6400 kV Hz (V = 8 kV, f = 800 Hz). As the product of V f is 
decreased, a progressive reduction in intensity of the (0002) peak is evident. At a V f of  
250 kV Hz (V = 1.5 kV, f = 166 Hz), the (0002) peak has nearly disappeared. In general, the 
low signal to noise ratio of the XRD technique for thin film coatings allows for only 
qualitative descriptions of the change in preferred orientation. To be definitive a selection of 
the thin films were prepared for cross sectional transmission electron microscopy (X-TEM) 
.  
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Figure 4.4 XRD Spectra in an energy range around the ( )0002  reflection 
taken from AlN coatings deposited at 250 kV Hz, 500 kV Hz, 1500 kV Hz 
and 6400 kV Hz. 
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Figure 4.5 shows a cross section of the film prepared using a V f of 6400 kV Hz  
(V = 8 kV, f = 800 Hz), viewed in the TEM. This film was deposited with the highest V f 
value used in the experiments and it has a compressive stress of 0.5 GPa. There are two strong 
spots corresponding to the (0002) diffraction spots (see Figure 4.6 for a fully characterised 
AlN diffraction pattern). This indicates that the majority of (0002) planes are oriented 
perpendicular to the line joining these spots. The diffraction pattern indicates that the (0002) 
planes lie in the plane of the film so that the c axis is oriented perpendicular to the plane of the 
film. This is in agreement with the XRD results in Figure 4.4. 
 
 
 
Figure 4.5a) X-TEM image of AlN film deposited with PI3 ™ at a V f of 6400 kV Hz, 
silicon on the left and film in the centre of the image. b) Selected area diffraction 
pattern showing strong preferred orientation with (0002) planes lying parallel to the 
film surface. 
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Figure 4.6 Characterised selected area diffraction pattern taken from a cross section of 
the AlN thin film fabricated under a V f of 6400 kV Hz. 
 
 
Further X-TEM images and selected area diffraction patterns were collected for four samples 
corresponding to V f values of 1200 kV Hz (V = 2 kV, f = 600 Hz), 500 kV Hz (V = 2 kV, f = 
250 Hz), 150 kV Hz (V = 2 kV, f = 75 Hz) and 100 kV Hz (2 kV, 50 Hz). These are shown in 
Figures 4.7a) through d). The diffraction patterns clearly show that the AlN film undergoes a 
change in its preferred orientation with decreasing V f and increasing stress. The diffraction 
patterns in Figure 4.7a) and 4.7b) are similar to that in Figure 4.5 and indicates that these 
films still have the c axis predominantly perpendicular to the plane of the film. Figures 4.7c) 
and 4.7d) show much more mixed orientations with many new pairs of spots appearing, 
although the strongest spots on the (0002) ring still indicate a slight preference for the c axis 
perpendicular to the film plane.  
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Using the structure factor from Chapter 2.9.5, a prediction for the selected area 
diffraction pattern of a thin film with all the crystals aligned such that the c-axis is 
perpendicular to the substrate can be obtained. Figure 4.8 compares a predicted 
pattern calculated in Matlab ™ generated with the c-axis constrained to within a few 
degrees of the normal to the substrate, with that found for the sample deposited at a  
V f of 6400 kV.Hz and shows excellent agreement. 
 
 
 
Figure 4.8a) Predicted diffraction pattern from a cross section of an AlN film 
with a high degree of c-axis perpendicular to the substrate orientation and b) 
an experimental diffraction pattern taken from the AlN film deposited at 6400 
kV Hz with the predicted pattern overlaid in red. 
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4.7 ORIGIN OF PREFERRED ORIENTATION 
 
The selected area diffraction patterns for the film with high V f of 6400 kV Hz (Figure 
4.5) and intermediate V f of 1200 kV Hz (Figure 4.7a) show the most concentrated 
intensity with the c axis lying perpendicular to the substrate. At a V f of 500 kV Hz 
(Figure 4.7b) the intensity of the (0002) reflection has spread around the diffraction 
ring, indicating a lower tendency to orientate. Several authors have attempted to use 
energy minimization to explain the preferred orientation of thin films containing stress 
(see for example 2,9-11). The total energy has contributions from the top film surface, 
the interface with the substrate and the bulk strain energy. The preferred orientation in 
this approach is the one for which the total energy is a minimum.  
 
The results from minimising the Gibb’s free energy within a biaxial stress field (see 
Chapter 3) suggests that the c-axis of the film should lie between approximately 64°  
and 116° away from the normal to the substrate. This alignment is not seen in any of 
the diffraction patterns shown above.  
 
Another possibility is the preference for certain planes to terminate at the surface of 
the film. As discussed in Chapter 3, the surface energies for the ( )1120  and ( )1010  
are the more favourable surfaces than the ( )0002  surface. It is not clear from the 
diffraction patterns whether these surfaces are controlling the preferred orientations, 
though the surface energy and minimisation of the bulk energy may be dominating in 
the two films deposited at low V f.  
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An alternative view is that dynamical effects, associated with the interaction of the 
energetic beam of ions with the film material, determines the preferred orientation 12. 
The results for preferred orientation are consistent with the observations of  
Clement et al 12 who studied rf sputtered AlN films at various deposition pressures. 
They found that at low sputtering pressures, where the most energetic bombardment 
occurs corresponding to high V f films, the orientation was with the c axis normal to 
the film plane. For high sputtering pressures, corresponding to the low V f case, the c 
axis was in the plane of the film. 
 
The <0001> direction has open channels along which ions can move relatively freely, 
suggesting channelling as an important factor. A model has been developed for 
preferred orientation based on molecular dynamics simulations of film growth in the 
presence of ion impacts 13. The degree to which the ion beam disordered the 
crystallites was lower for those crystallites oriented with a channelling direction 
aligned with the incident beam. The disordered crystallites grow at a lower rate than 
the aligned crystallites so that grain boundaries moved in favour of the aligned 
crystallites, leading to preferred orientation. Further, crystal orientations that do not 
favour channelling may be sputtered away by the highly energetic pulsed ions. The 
high energy ions used in this study impact in a direction perpendicular to the surface 
of the film. The diffraction data in Figures 4.5, 4.7a) and 4.7b) show very strong 
preferred orientation with the c axis aligned parallel to the direction of the incident 
high energy ions, suggesting that the pulsed bias may be encouraging channelling and 
preferential sputtering in these films. 
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4.8 SUMMARY 
 
The stress produced in AlN films subjected to pulsed bias show a universal 
dependence of the stress on the quantity V f where V is the applied voltage and f is the 
frequency. The stress dependence is well described by an exponential model over a 
wide range of V f. A percolation model also fits the data for V f of less that 750 kV 
Hz. 
 
There is a strong tendency towards the development of the (0002) preferred 
orientation in low stress AlN films prepared with pulsed bias at high values of the 
applied bias–frequency product (V f ). This (0002) preferred orientation corresponds 
to the c axis lying perpendicular to the film. This is consistent with models based on 
dynamical effects associated with the interaction with the incident ion beam.  
 
At high stress, there is no tendency to preferred orientation. The microstructure in 
these cases will from due to a combination of the dynamical interaction with the 
incident ion beam, minimisation of the Gibb’s free energy and the surface energy. All 
these ideas are therefore required to explain the orientation behaviour over the full 
range of PIII deposition conditions. 
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CHAPTER 5 – THE EFFECT OF DEPOSITION RATE ON THE 
STRESS AND MICROSTRUCTURE OF ALUMINIUM 
NITRIDE THIN FILMS 
 
This chapter focuses on the effect of deposition rate on aluminium nitride thin 
films prepared by continuous filtered cathodic arc, under the application of 
plasma immersion ion implantation. Intrinsic stress, microstructure and 
composition are investigated for a range of deposition rates. 
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5.1 BACKGROUND 
 
It is vital to have a complete understanding of the level of intrinsic stress induced by the 
various growth parameters when depositing thin films. One such parameter that has received 
relatively little attention in studies of thin films is the rate at which the films are grown, the 
deposition rate, r. This chapter studies the effects of different deposition rates on the intrinsic 
stress and microstructure of AlN films grown under the influence of PI3.  
 
A few studies on the effects of depositing films under different deposition rates in other types 
of coatings have been reported. Shao et al. 1 investigated the effects of temperature and 
deposition rates on the fabrication of zirconium oxide thin films on glass substrates by 
electron beam evaporation. This work found that at low deposition rates the films showed 
tensile stress and as the deposition rate was increased, the stress changed to compressive. 
Three films were generated in the study at 0.2 nm/sec, 0.4 nm/sec and 0.6 nm/sec showing 
intrinsic stress of -0.12 GPa, 0 GPa and 0.045 GPa respectively. The variations in the intrinsic 
stress are low, and may not be significant. In addition, the fact that only three samples were 
studied this way further limits the reliability of the trend. A difference in the average crystal 
size of the three films was found by X-Ray diffraction, with sizes of 9 nm, 11.4 nm and 11.2 
nm as the deposition rate was increased. This is explained in terms of the rate at which the 
condensing atoms diffuse across the growth surface. The condensing atoms at higher 
deposition rates would diffuse faster due to the increase in the substrate temperature, yet they 
would have less chance to diffuse at the highest rate before being stopped by further 
condensing atoms.  
 
Gillet et al. 2 investigated the effects of evaporating thin film coatings of gold onto aluminium 
oxide substrates at deposition rates of 0.025 nm/sec and 0.05 nm/sec at 300°C. The intrinsic 
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stress for each deposition rate is highly dependant on the film thickness. Films coated with 
thicknesses ranging from 1 to 15 nm showed tensile stress, with the higher deposition rate less 
tensile. From 15 nm to 35 nm, the higher deposition rate is either tensile or slightly 
compressive, while the low deposition rate is more compressive. For films coated with 
thicknesses between 35 nm and 60 nm, the intrinsic stress was more compressive at the higher 
deposition rate.  
 
Lim 3 examined coatings of titanium nitride on silicon substrates fabricated by filtered 
cathodic arc under the influence of PI3. Analysis of the experimental data by the author shows 
a trend of stress tending towards higher compressive stresses when films are deposited at a 
higher deposition rate. However, a limited number of samples were available in this study.  
 
Beckers et al. 4 analysed the effect of deposition rate on the preferred orientation of Ti1-xAlxN 
thin film alloys and found that at the highest deposition rates the films grew with a preferred 
orientation with the ( )111  planes lying parallel to the substrate surface and at low deposition 
rates the ( )001  planes lying parallel to the substrate surface. Unfortunately, no measurements 
of the intrinsic stress were made in this work. The change in orientation at the low deposition 
rates has been explained in terms of the increase in nitrogen concentration used to obtain the 
lower rates. 
 
Tay et al. 5 deposited three series of amorphous carbon films onto silicon substrates fabricated 
by filtered cathodic arc under a constant DC bias, at deposition rates of 2 nm/sec, 1 nm/sec 
and 0.3 nm/sec. In contrast to the results found in the four studies above, the trend in 
compressive stress is the opposite of the above examples, with stress becoming less 
compressive as the deposition rate is increased. This variation in stress was explained in terms 
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of a change in the content of sp3 bonds in the films. At lower deposition rates, the amount of 
sp3 bonding increases, resulting in a higher compressive stress.  
 
These results suggest that there is a need for an in depth study into the effect of deposition 
rate on the intrinsic stress and microstructure of thin films. In general it appears that the effect 
of deposition rate is not well understood, and largely ignored by most researchers. 
 
5.2 EXPERIMENTAL CONDITIONS 
 
In this experiment, thin films of AlN were deposited using a continuous filtered cathodic arc 
as described in Chapter 2.1.1. The conditions for the fabrication of films at high and low 
deposition rates are shown in Table 5.1. Deposition rate was controlled by varying the 
strength of the magnetic fields of the filtering bend, and the concentrations of argon and 
nitrogen within the deposition chamber. The deposition rates ranging from 0.12 nm/sec to 
0.21 nm/sec were obtained from the high deposition rate settings. A range of 0.02 nm/sec to 
0.11 nm/sec was obtained for the low deposition rate settings. Details of the deposition for 
both regimes are shown in Table 5.1.  These settings resulted in transparent coatings, 
suggesting near stoichiometric films. Films were fabricated under three pulse bias 
frequencies, 50 Hz, 400 Hz and 1200 Hz with applied bias of 2 kV. The length of each 2 kV 
pulse was kept constant at 20 µs. 
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Deposition Conditions High Dep. Rates Low Dep. Rates
N2 Flow Rate 5.0 sccm 7.0 sccm
Ar Flow Rate 3.7 sccm 2.0 sccm
Cathode Purity 99% 99%
Arc Current 50 A 50 A
Base Pressure 2 x 10-5 Torr 2 x 10-5 Torr
Pre-Deposition Pressure 1.2 x 10-3 Torr 1.2 x 10-3 Torr
Deposition Pressure 5 x 10-4 Torr 5 x 10-4 Torr
Substrate Bias Voltage 2 kV 2 kV
Substrate Bias Frequency 50, 400, 1200 Hz 50, 400, 1200 Hz
Substrate Bias Pulse Length 20 µs 20 µs
Final Lens Currents 2 - 5 A 12 - 16 A
 
Table 5.1 Experimental conditions for deposition of AlN pulsed bias films with 
varied deposition rate. 
 
5.3 INTRINSIC STRESS 
 
The effect of the deposition rate on stress can be seen in Figure 5.1. At lower V f products (V 
being the applied bias and f the pulsing frequency), the stress begins tensile at low deposition 
rates, switching to compressive as the deposition rate is increased. At higher V f products, the 
stress is near constant, though this is over a range of only three samples and is not definitive. 
The results compare well with those fabricated in Chapter 4 which were deposited at rates 
between 0.13 nm/sec and 0.17 nm/sec with the same settings as the high deposition rate 
regime given in table 5.1. 
 
This chapter will focus on studying the 2 kV, 400 Hz series as this series has the most data 
points. At very low deposition rates the intrinsic stress is tensile. Between 0.08 nm/sec and 
0.11 nm/sec the stress changes from tensile to compressive. As the deposition rate is increased 
past 0.11 nm/sec the stress continues to become more compressive until it reaches a maximum 
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value of 2.6 GPa at a deposition rate of 0.17 nm/sec. Further increases in the deposition rate 
results in saturation in the compressive stress. 
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Figure 5.1 intrinsic stress in AlN films generated under different deposition rates for the three 
voltage frequency products of 100 kV Hz, 800 kV Hz and 2400 kV Hz. Convention of 
positive stress is compressive and negative tensile used. 
 
The results obtained are similar to those found by Shao for ZrO2 thin films 1, Gillet for gold 
thin films 2 and Lim for TiN thin films 3. Yet the amorphous carbon thin films fabricated by 
Tay et al. 5 show the opposite effect. This may be due to the higher range of deposition rates 
used by Tay et al. 5, by the different bonding mechanisms involved, or due to film thickness 
effects.  
 
The study of Gillet et al. 2 gives a complex response of gold thin films on aluminium oxide to 
changes in deposition rate in terms of film thickness. At thicknesses less than 30 nm, the 
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surface morphology controls the stress. The films in this study of AlN are all of thicknesses 
greater than 50nm; the films surface should therefore have only a minor effect on the stress.  
 
5.4 COMPOSITION 
 
Due to the lower deposition rates of the samples fabricated in this series it is expected that 
there may be some variation in the composition of the films. In particular the oxygen content 
of the films may be increased at low deposition rate due to the slowly grown films having 
more time to incorporate residual oxygen from the vacuum system. To determine such 
variations, Auger Electron Spectroscopy (AES) was conducted on the films over a range of 
deposition rates. In each case, the results presented here are taken from standardless spectra. 
This is due to the difficulty of analysing AlN standards, which have strong insulating 
properties. A study by Cros 6 found that using aluminium and silicon nitride standards lead to 
reasonable approximations of the composition of the films. The use of Al as a standard 
introduces errors due to the formation of bulk and surface plasmon peaks within the spectra.  
 
Depth profiles from four of the films are shown in Figure 5.2 where the oxidation of the 
surface is readily evident. The films deposited at lower deposition rates show a large oxidised 
surface layer. The variation in oxygen content over the depth of the profile indicates that the 
oxygen has diffused into the film post deposition. The oxygen has diffused further into the 
samples at lower deposition rates, indicating that these films have a more porous 
microstructure. Porosity in a thin film will generate tensile stress. The films at the lowest 
deposition rate show an increase in the level of oxygen through the depth of the film. 
 
The composition of each film (summarised in Table 5.2) was determined by taking from an 
average of the spectra across all sputtered depths. Comparisons of the Al:N ratio in the films 
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shows an interesting trend. Films deposited between 0.06 nm/sec and 0.11 nm/sec have a 
larger Al:N ratio than the films deposited at any other deposition rate. There is a sharp 
transition from films with Al:N of 1.51 at 0.11 nm/sec to 1.18 at 0.12 nm/sec marking the 
change from low deposition rate settings to high deposition rate settings. Films coated at very 
low deposition rates have a lower Al:O ratio, suggesting a higher oxygen content (see Figure 
5.3).  
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Figure 5.2 AES depth profile for four AlN films deposited at 0.29 nm/sec, 0.17 nm/sec, 
0.11 nm/sec and 0.04 nm/sec.  
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Dep Rate (nm/sec) Bias Frequency (kV.Hz) Al:N Ratio 
(AES)
Al:O 
Ratio 
(AES)
0.29 800 1.03 4.69
0.21 800 1.12 8.84
0.17 800 1.08 5.00
0.12 800 1.18 5.93
0.11 800 1.51 5.12
0.08 800 1.49 3.90
0.06 800 1.64 2.64
0.04 800 1.29 2.30
0.02 800 1.26 1.55
 
Table 5.2 Summary of AES results for AlN thin films over a range of 
deposition rates.  
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Figure 5.3 AES ratios of Al to N atoms within AlN thin films as a function of the 
deposition rate. 
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5.5 MICROSTRUCTURE 
 
Reflection High Energy Electron Diffraction (RHEED) was performed on all the samples 
generated in the deposition rate series. Figure 5.4 shows the large degree of variation between 
several typical RHEED patterns. The RHEED pattern in Figure 5.4d) is of particular interest 
and can be characterised as a cubic diffraction pattern. This suggests that there is either a 
cubic phase of AlN, or a cubic Al2O3 layer may have formed on the surface. Combining this 
result with the large oxide layer seen in the AES above, the layer is most likely Al2O3. 
 
To understand these variations further, cross sectional transmission electron microscopy (X-
TEM) was performed on 4 of the films from the 800 kV Hz bias series deposited at rates of 
0.17 nm/sec, 0.11nm/sec, 0.08 nm/sec and 0.06 nm/sec (see Figure 5.5a) – d)). There is little 
variation in the structure that can be seen via the X-TEM images. However, the selected area 
diffraction patterns from the films show an interesting trend. At low deposition rates, selected 
area diffraction patterns show little evidence of preferred orientation with the ( )0002  and 
( )10 10 reflections giving broad arcs. As the deposition rate is increased to 0.11 nm/sec a 
preference for films with the ( )0002  crystal planes aligned parallel to the surface begin to 
form (see figure 5.5b). At the higher deposition rate of 0.17 nm/sec, the film has very strong 
preferred orientation with the crystalline c axis aligned normal to the substrate. 
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Figure 5.4 RHEED patterns from AlN films coated under an 800 kV Hz pulsed bias at 
deposition rates of a) 0.21 nm/sec, b) 0.17 nm/sec, c) 0.11nm/sec and d) 0.06 nm/sec. 
a), b) and c) show the expected pattern for a hexagonal structure at the surface, with d) 
showing a cubic surface structure. 
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Dark field images taken from the points indicated in the selected area diffraction patterns of 
Figure 5.5 are shown in Figure 5.6. The film deposited at 0.17 nm/sec (Figure 5.6a) shows 
large crystals grown in an almost columnar style structure. Compared to the dark field images 
of the films deposited at lower deposition rates where this columnar structure does not exist 
and the crystals appear small and spread throughout the film. 
 
The high resolution images in Figure 5.7 further illustrate the variation in crystal size. The 
film deposited at 0.17 nm/sec (Figure 5.7a) shows a very large single crystal whilst the films 
deposited at 0.11 nm/sec and 0.06 nm/sec (Figure 5.7b and c) show a few small crystals over 
the same sized viewing region. The crystals shown in these images are typical of the crystals 
found throughout each film. 
 
To analyse the size of the crystals further, plane view samples were prepared of films 
deposited at 0.21 nm/sec, 0.17 nm/sec and 0.06 nm/sec (Figures 5.8a – c). The plane view 
dark field images show a clear difference in crystal sizes between the film fabricated at 0.06 
nm/sec and the films fabricated at 0.21 nm/sec and 0.17 nm/sec. The size of the crystals can 
be estimated from the plane view images. At the higher deposition rates of 0.21 and 0.17 
nm/sec the films have large crystals of sizes ranging from 20 – 40 nm. The film coated at 0.06 
nm/sec shows much smaller crystals, ranging from 5 to 15 nm. These images all show that 
crystal size is dependant on the deposition rates as crystal sizes increase with increasing 
deposition rate. Shao et al. 1 found a similar change in the average crystal sizes in zirconium 
oxide coatings with the crystals increasing in size from 9 nm to 11.4 nm as the deposition rate 
increases.  
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It is important to note that the thickness of the films deposited in this study is not constant. 
The effect of different film thicknesses on the crystal sizes of the films can be seen in Table 
5.3. A sharp change in the average crystal size between the two different deposition rate 
regimes can be seen. This change appears to be independent of the film thickness and 
coincides with the changes in the Al:N ratio that is seen from the AES study. 
 
 
Deposition Rate 
(nm/sec)
V f (kV Hz) Thickness (nm) Crystal Size (nm)
0.21 800 200 20 - 40
0.17 800 100 20 - 30
0.11 800 174 5 - 15
0.08 800 94 5 - 15
0.06 800 54 5 - 15
 
Table 5.3. Film thickness and approximate crystal size for 
films deposited under an applied pulsed substrate bias of  
800 kV Hz. 
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Figure 5.6 Dark field images taken from the ( )0002 reflection for films deposited 
at a) 0.17 nm/sec, b) 0.11 nm/sec, c) 0.08 nm/sec and d) 0.06 nm/sec. 
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Figure 5.7 High resolution TEM images of AlN films deposited at 800 kV Hz, with 
deposition rates of a) at 0.17 nm/sec and b) at 0.11 nm/sec and c) 0.06 nm/sec. Average 
crystal sizes of a) of 30 nm and for b) and c) of 5 nm can be measured 
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Figure 5.8 Dark field plane view images of AlN films deposited at a) 0.21 nm/sec, b) 
0.17 nm/sec and c) 0.06 nm/sec. Estimated crystal sizes are of 20 – 40 nm, 20 – 30 nm 
and 5 – 15 nm respectively.  
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5.6 ELECTRON ENERGY LOSS SPECTROSCOPY 
 
Electron energy loss spectroscopy (EELS) was performed on the films fabricated with  
V f = 800 kV Hz at deposition rates of 0.21 nm/sec, 0.17 nm/sec, 0.11 nm/sec, 0.08 nm/sec, 
0.06 nm/sec and 0.04 nm/sec. The EELS from the Al L2, 3 and the N K core loss lines show 
similar features (see Figure 5.9 and Figure 5.10) over the range of deposition rates, suggesting 
that the average bonding within each film is similar.  
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Figure 5.9 Aluminium core loss EELS spectra for AlN films coated at deposition rates of 0.17 
nm/sec and 0.06 nm/sec showing little variation between the films.  
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Figure 5.10 Nitrogen core loss EELS spectra for AlN films coated at 0.17 nm/sec and 0.06 
nm/sec. Spectra show little variation suggesting similar bonding and band structure.  
 
Figure 5.11 shows the form of the plasmon peaks of five of the samples. The samples 
fabricated at 0.21 nm/sec and 0.17 nm/sec show a typical plasmon peak for AlN with the main 
peak at 21 eV 7. The plasmon peaks for the films deposited at 0.11 nm/sec and 0.08 nm/sec 
show another peak between 15 and 16 eV. The origin of this peak is not apparent though the 
narrowness of the peak is suggestive of a metal phase. There are three possibilities for the 
lower peak; (1) an inter-band transition, (2) a surface plasmon effect or (3) aluminium 
aggregation. The film deposited at 0.04 nm/sec gives a plasmon peak similar to that found at 
the high deposition rates, the additional peak at 40 eV is caused by single electrons generating 
multiple plasmons. A common occurrence when the sample is thick. An example of an EELS 
spectrum that has been fit with Gaussian curves is shown in Figure 5.12. 
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Figure 5.11 Plasmon loss EELS spectra for five AlN films coated at different deposition 
rates, note the appearance of the shoulder peak at deposition rates of 0.11 nm/sec and 0.08 
nm/sec.  
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Figure 5.12 Plasmon loss EELS spectra for the AlN film deposited at 0.11 
nm/sec with fits showing the first peaks maximum at 15.5 eV and the second 
peak maximum at 18.4 eV. 
 
Lieske and Hezel 8 calculated the expected energy required to activate interband transitions 
using a combination of AES and EELS on AlN films fabricated by thermal evaporation of Al 
with N ion bombardment. Transitions of single electrons from the valance band to the 
conduction bands require the electrons to be given energy of 6, 9, 13 or 15 eV. Further 
transitions of the Al-N shared electrons to the conduction bands can occur if the electron is 
given energy of 10 or 14 eV. Therefore there is a possibility that the 15 eV peak seen in the 
EELS spectra for the low deposition rate samples is due to interband transitions. Interband 
transitions generally only occur in large, single crystal systems and would appear as multiple 
peaks in the EELS spectra. However, there is no evidence of the lesser transition energies in 
the core loss EELS spectra in Figures 5.9 and 5.10, suggesting that interband transitions are 
not a dominant feature in these samples. 
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Another possible cause for the formation of low energy plasmon peak within the films is due 
to the formation of small discrete crystal within a disordered matrix. These small crystals 
would promote the formation of surface plasmons. Surface plasmons are formed by the 
primary electron beam exciting the electrons on the surface of crystals generating longitudinal 
waves of charge density which travel across the surface. The energy required for the surface 
plasmon to form is less than the energy required for the bulk plasmon and can be estimated by 
the relationship,  
 
2
BP
SP
EE =  (5.1) 
 
Where EBP is the energy required to form a bulk plasmon, 21 eV for AlN, and ESP is the 
energy required to form the surface plasmon 9. Equation 5.1 approximates the energy required 
to excite the surface plasmon on a vacuum/metal interface and gives a value for AlN of 14.8 
eV. This estimation is very close to the plasmon peaks recorded from the EELS spectra for the 
low deposition rate samples, yet the shape of a surface plasmon peak is generally broad, 
something which is not apparent in the EELS spectra in Figure 5.11.  
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A study by Xiao et al.10 into the formation of multilayers of aluminium and aluminium nitride 
onto silicon found conditions where the films would form Al aggregations within an AlN 
bulk. EELS spectra showed a pair of plasmon peaks at 15 eV and 21 eV. The effect of these 
discrete Al crystal inclusions was seen in the AES depth profiles and in the selected area 
diffraction patterns.  
 
In this study, a plasmon peak at 15 eV is seen, an energy loss which is known for pure Al 11. 
The plasmon loss peak at 15 eV is quite narrow and the sharpness of the peak is indicative of 
a metal phase within the material. The existence of this peak, combined with the maximum in 
the Al:N ratio seen in the AES analysis provides strong evidence for the formation of discrete 
Al phases within the AlN films deposited at 0.11 nm/sec, 0.08 nm/sec and 0.06 nm/sec. The 
diffraction patterns taken from films deposited at 0.11 nm/sec and 0.06 nm/sec do not show 
evidence of reflections from Al crystal inclusions. Analysis of the high resolution TEM 
images suggest that the crystals could be small and quite sparse (as seen in figure 5.7), such 
that they will contribute little to the diffraction patterns. 
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5.7 THE SURFACE OF THE FILMS 
 
Atomic force microscopy (AFM) was performed on a selection of the films to analyse the 
surface morphology. The RMS roughness of the surfaces can be calculated from each scan 
and the results are shown in Table 5.4. The roughness figures show that at very high and very 
low deposition rates the films are quite smooth. These roughness results follow a similar trend 
to that shown in Table 5.2, the ratio of Al:N measured by AES. A plot of the roughness values 
is shown in Figure 5.13. A maximum in the RMS roughness is found at 0.11 nm/sec which 
also corresponds with the maximum in Al:N ratio given by AES. 
 
 
Deposition Rate (nm/sec) RMS Roughness (nm)
0.3 0.44 ± 0.10
0.17 0.58 ± 0.10
0.11 0.83 ± 0.15
0.06 0.51 ± 0.12
0.02 0.30 ± 0.10
 
Table 5.4 RMS surface roughness values measured by atomic force 
microscopy for films deposited over a range of different deposition rates. 
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Figure 5.13 Variation in RMS roughness with increasing deposition rate. 
 
The AFM images taken from the films are shown in figure 5.14 taken over a 500 nm x 500 
nm square with vertical scale of 10 nm. Analysis of these images combined with the RMS 
roughness shows that as the deposition rate is reduced, films with a rough surface are formed. 
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5.8 DEPOSITION RATE EFFECTS ON THE MICROSTRUCTURE 
 
The origin of the stress at the different deposition rates can be explained with the help of the 
AES, RMS roughness, EELS and X-TEM. At deposition rates below 0.06 nm/sec, the stress is 
found to be very tensile. As stated in Chapter 2.4, tensile stress in a thin film arises from the 
formation of a porous film. The AES depth profiles show a large oxide layer on the surface of 
films deposited at low deposition rates. A porous structure would encourage the migration of 
oxygen into the surface of the film. There is a clear possibility that the film may contain 
Al2O3 due to the lower Al:O ratio.  
 
Films deposited under the low deposition rate settings (see Table 5.1) are not necessarily 
stoichiometric AlN. Deposition rates below 0.06 nm/sec, the films show evidence of a porous 
structure, this allows for diffusion of oxygen into the film post deposition. This high level of 
oxidisation may reduce the roughness of the surface of the films by creating an oxide layer. A 
slight increase in the Al:N ratio is seen for the films at low deposition rate, yet no evidence of 
the 15 eV peak is found in the EELS spectra. The films are unlikely to have pure Al clusters; 
rather they may contain a mix of Al2O3 and AlN crystals. The plasmon peak for Al2O3 is  
20 eV, similar to AlN of 21 eV. The resolution of the EELS spectra is not sufficient to discern 
this difference. 
 
At deposition rates between 0.06 nm/sec and 0.11 nm/sec the thin films are Al rich. The 
appearance of the 15 eV peak in the EELS and an increase in the Al:N ratio suggests that the 
films have small, discrete, Al crystals forming during growth. These crystals of Al will have a 
strong influence on the response of the film to the force that is being applied to it by the 
substrate. The metal phase will allow for the film to relieve the stress induced as the yield 
stress of Al is much less than AlN. The presence of the Al crystals results in films with very 
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little stress. These metal crystals will also influence the surface morphology of the films, 
causing a rougher surface as the AlN crystals distort to accommodate the Al crystals within 
the film. This is seen in the RMS roughness measurements. The Al rich films would be 
formed if there are insuffient nitrogen ions at the growth surface capable of reacting with the 
Al. This may occur if the nitrogen within the plasma is not sufficiently energetic or ionised. 
At the low deposition rate settings there is an increase in the nitrogen within the chamber; it is 
possible that the lower density plasma produced by the cathodic arc in the low rate regime 
does not have sufficient energy to activate the nitrogen to form stoichiometric films. The Al 
would arrive at the surface with considerably lower energy compared to the high deposition 
rate cases due to the higher rate of collisions with the background gas further reducing the 
energy available at the growth surface to promote the formation of AlN. 
 
At deposition rates above 0.12 nm/sec, corresponding to the high deposition rate settings, the 
stress is highly compressive. From AES the peak ratio of Al:N becomes close to 1:1, and the 
surface of the film has little oxidation. These results suggest that the films are very dense and 
close to stoichiometric. It is typical for dense thin films produced with energetic ion 
bombardment to contain intrinsic compressive stress. The levels of stress shown by these 
films are in agreement with other reports of AlN deposited in this way (see Chapter 4). As the 
deposition rate increases beyond 0.17 nm/sec, the stress drops. This may be due to an increase 
in the growth surface temperature allowing an increase in stress relief during deposition. The 
diffraction patterns show very strong preferred orientation within these films, as seen in 
Chapter 4.  
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5.9 MECHANISMS OF THIN FILM GROWTH 
 
Analysis of the microscopy in the above sections shows a complex set of film growth 
mechanisms for thin films of AlN over a range of deposition rates. There are four regions 
where different growth mechanisms are controlling the intrinsic stress and microstructure of 
the thin films. The regions are summarised in figure 5.15 for thin films deposited at 
V f = 800 kV Hz. 
 
In Region I, strongly columnar porous growth occurs, producing films with tensile stress. The 
AES study shows a large amount of oxygen diffusion into the surface of the films post-
deposition. This diffusion is indicative of a film which is highly porous. There is also a higher 
base level of oxygen in the film incorporated during growth as a result of reaction with the 
background gas. The porosity causes a large amount of tensile stress. The formation of the 
porosity is due to surface diffusion of the incident ions resulting from the interface energy 
between the AlN and the substrate. If the surface diffusion is high, the Al and N ions will 
have a high probability of falling into low energy positions. This is encouraged by the low 
deposition rate, which allows a large amount of time between an incident ion arriving at the 
surface and further ions covering it, locking it into position. If the interface energy between 
the AlN and silicon substrate is high, there will be an increased chance for the formation of 
porosity as the AlN prefers to bond with itself.  
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Figure 5.15 Stress of AlN thin films coated at a range of deposition rates under a 
pulsed substrate bias of 800 kV Hz. Region I – porous AlN growth, region II – 
AlN with Al inclusions, region III – dense, compressive stress AlN films and 
region IV – dense compressive stress AlN films with thermal relief. 
 
In Region II, films occur with a combination of Al crystal inclusions within an AlN matrix. 
The formation of the Al inclusions is due to the increased number of Al ions that are reaching 
the substrate per unit time, in combination with the lack of active N ions. At higher nitrogen 
pressures it is expected that collisions will reduce the number of active N ions bombarding the 
surface. This lack of activated N ions may explain the formation of Al inclusions. The 
presence of the Al inclusions will allow for the film to flow under the influence of external 
applied forces. As such any intrinsic stress within the film will be reduced. The ability of the 
Al inclusions to flow will also reduce the formation of the porosity of the films as the Al will 
flow into the voids. 
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In Region III, films occur in films that have a high density, with deposition conditions similar 
to those found in Chapter 4. Here, the higher deposition rate limits the time available for the 
incident ion to diffuse over the growth surface, minimising the chance of void formations. 
The films are then dense, and more likely to form films with compressive stress. 
 
In Region IV, films are similar to those in Region III, yet the increased deposition rate results 
in an increase in the temperature of the growth surface. This increase in temperature results in 
a reduction in the number of stressed sites within the film by annealing. A summary of the 
growth regions is presented in table 5.5. 
 
Range of Deposition 
Rate (nm/sec)
Nitrogen 
Flow Rate
Stress Region Growth Mechanism
0.02 to 0.04 High Region I
Porous Film  Growth
0.06 to 0.11 High Region II
Porous Film Growth with Al 
Crystal Inclusions
0.12 to 0.17 Low Region III
High Density Films
Greater than 0.17 Low Region IV
High Density Films with 
Annealing
 
Table 5.5. A summary of the film growth types found for AlN films deposited 
at different deposition rates.  
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5.10 SUMMARY 
 
For the first time, this chapter presents results that indicate the strong effect of the deposition 
rate on the intrinsic stress and microstructure of AlN thin films coated on silicon. At very low 
deposition rates there is a tendency to form tensile stress, and as the rate is increased the stress 
becomes compressive, eventually reaching a maximum before thermal effects come into play.  
 
Four thin film growth regions have been identified, they are; Region I, strongly tensile, porous 
films form with high levels of oxygen. In Region II, low stress films with Al crystal 
inclusions form. In Region III, dense, compressive stressed films form similar to those seen in 
Chapter 4. In Region IV, dense, compressive stressed films form, with stresses reduced by 
annealing. This model is in agreement with the experimental observations. 
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CHAPTER 6 – THE NOVEL DEPOSITION OF TITANIUM 
VANADIUM NITRIDE THIN FILMS 
 
This chapter will focus on the deposition of titanium vanadium nitride thin films 
onto silicon by dual cathode pulsed filtered cathodic arc. The effect of different 
ratios of Ti to V within the films on the intrinsic stress, microstructure, optical 
and mechanical properties is investigated. The thin films are analysed with a 
combination of electron microscopy, ellipsometry and hardness measurement 
techniques. Some of the experimental data presented here have been published in 
the papers ‘Correlation between Stress and Hardness in Pulsed Cathodic Arc 
Deposited Titanium/Vanadium Nitride Alloys’ 1 and ‘Synthesis and 
Characterisation of Titanium Vanadium Nitride Thin Films’ 2 
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6.1 BACKGROUND 
 
This chapter examines the application of a novel technique for depositing alloys of titanium, 
vanadium and nitrogen as thin film coatings. Films are fabricated by a dual cathode pulsed 
filtered cathodic arc system that has the capability of using two cathodes in concert to 
fabricate ternary alloys (as described in Chapter 2.1.2). The dual cathode pulsed filtered 
cathodic arc utilises a centre triggering technique which has been shown to produce a constant 
amount of ablation per pulse, and hence has the ability to produce controllable deposition 
rates. Centre triggering also has the advantage of allowing for uniform ablation of the cathode 
surface, stopping the formation of pitting of the cathode 3. Pitted cathodes ablate non-
uniformly, reducing the controllability of the deposition rate of the material, creating 
difficulty in controlling the concentrations of elements deposited in the thin film coating.  
 
The cathodic arc produces a highly ionized plasma in which the ions have a drift velocity 
corresponding to an energy approximately in the range 20–80 eV 4. These energies produce 
compressive stress in thin films which strongly correlates with preferred orientation, as has 
been shown in titanium nitride coatings on silicon 5,6, aluminium nitride on silicon (see 
Chapters 3 & 4) 7,8. For this reason a study of intrinsic stress is included in this work for a 
range of compositions. 
 
Knotek and co-workers 9 generated a series of five TiVN coatings by the preparation of three 
compositions of the alloy TiN/VN for use as metallic targets in a dc cathodic arc deposition 
system. The authors deposited films of pure TiN, Ti0.25V0.75N, Ti0.5V0.5N, Ti0.75V0.25N and 
pure VN. They reported that the alloy prepared from the target containing 25% V in a Ti/V 
metal alloy showed the best wear resistance in a pin-on-disc test and the highest Vickers 
microhardness.  
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This study will examine the possibility of using a pulsed dual cathode filtered cathodic arc to 
deposit a wide range of TiVN alloys. A comparison between the films generated here will be 
made with those of Knotek et al. Along with a study into the morphology and optical 
properties of the films. 
 
6.2 EXPERIMENT 
 
Ternary alloys of Ti1−xVxN are prepared by varying the number of pulses to each cathode, 
where x denotes the atomic percentage of vanadium, 1-x the atomic percentage of titanium 
with nitrogen always set as 1. The amount of VN and TiN delivered per pulse is calculated by 
depositing pure VN and TiN films and comparing their thickness with the number of pulses 
used in their fabrication. Each cathode is triggered alternatively at ratios as shown in Table 
6.1 to produce coatings in a range of values for x in Ti1−xVxN. 
 
The in situ film thickness was monitored using a Maxtek MDC-360 crystal oscillator. The 
system base pressure was 1 ×10−5 Torr. The nitrogen gas flow rate was fixed at 50 sccm and 
the chamber pressure was 6×10−4 Torr during deposition. 
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6.3 COMPOSITION 
 
Table 6.1 compares the composition of each film calculated from the deposition pulse ratios 
of both TiN and VN per cycle with that measured using energy dispersive spectroscopy 
(EDS) and electron energy loss spectroscopy (EELS). Typical EELS spectra taken from four 
of these films can be seen in Figure 6.1. The calculated values are in excellent agreement with 
the measured values. This result shows that the dual source pulsed deposition system can be 
used to prepare Ti1−xVxN films with a range of compositions in a controlled manner.  
 
 
Calculated 
Composition of Alloy
No. pulses V/Ti Film Thickness 
(nm)
Atomic% VN 
Calculated
Atomic% VN EDS 
(± 5%)
Atomic% VN 
EELS (± 5%)
TiN - - 0 - -
Ti0.87V0.13N 11/53 61 12.9 13 14
Ti0.84V0.16N 13/51 76 15.9 18 -
Ti0.77V0.23N 20/50 59 22.8 24 21
Ti0.63V0.37N 24/30 69 37.2 36 39
Ti0.43V0.57N 78/44 68 56.8 52 58
Ti0.22V0.78N 78/16 63 78.3 79 77
VN - 58 100 - -
 
 
Table 6.1 Details of the samples produced, including the number of pulses in each cycle, 
comparing the composition of the films measured by the number of pulses, energy dispersive 
spectroscopy (relative atomic percentage) and electron energy loss spectroscopy (relative 
atomic percentage). 
 133 
 
 
 
 
 
 
350 400 450 500 550 600 650
V
V
V
V
N
N
N
N
In
te
n
si
ty
 
(A
rb
.
 
Un
its
)
Energy Loss (eV)
13% VN
350 400 450 500 550 600 650
Ti
Ti
Ti
23% VN
350 400 450 500 550 600 650
37% VN
350 400 450 500 550 600 650
VN
 
Figure 6.1 Typical EELS Spectra taken from four of the thin film alloys, Ti0.87V0.13N, 
Ti0.77V0.23N, Ti0.63V0.37N and pure VN. 
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The films are expected to have a homogeneous rather than a multilayer microstructure. The 
Ti2+ ions of 23 eV and Ti1+ ions of 34 eV 10 are expected to penetrate to a depth of 
approximately 0.3 nm according to calculations using SRIM 2003 11, which has a 5% error.  
Calculations of the film depth coated per pulse cycle allows estimation of the thickness of 
each layer to be less than 0.05 nm thick, much less than the expected penetration depth of 
either coating species. It is thus possible to expect the coatings to be homogeneously mixed. 
Figure 6.2 shows energy filtered transmission electron microscopy (EFTEM) elemental maps 
for the Ti0.87V0.13N film with a resolution of approximately 1 nm. The images clearly show 
that the composition is homogeneous to this resolution throughout the cross-section of the 
film.  
 
 
Figure 6.2 EFTEM maps of a) Nitrogen, b) Vanadium and c) 
Titanium content in the film fabricated to be Ti0.87V0.13N 
showing excellent mixing. 
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6.4 INTRINSIC STRESS AND HARDNESS 
 
The stress and hardness as a function of x in the Ti1−xVxN alloy is shown in Figure 6.3, using 
the calculated values for composition. The data shows a maximum in both stress and hardness 
for the alloy of Ti0.77V0.23N. The stress observed in a thin film is the net value resulting from 
the competition between generation and relief processes. Compressive stress is generated by 
energetic ion impacts and has been observed to depend on the ion energy 12,13.  
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Figure 6.3 Stress and hardness as a function of the atomic percent of vanadium in the 
ternary alloy Ti1−xVxN. Convention of positive stress is compressive and negative tensile 
used. 
 
 
The energy with which the ions condense on the substrate depends on the natural energy of 
the ions from the cathodic arc as well as on the charge state distribution. The charge state 
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affects the energy of incident ions due to the presence of potential differences between the 
substrate surface and the plasma. Both the ion energies and the charge state distributions are 
similar for Ti and V ions 4, so it is expected that the ion energies at the substrate are similar 
for both metals. The influence of the ion energies on the stress of the films for different 
compositions of Ti and V should not be a significant factor in the formation of intrinsic stress 
of the films in this study. The variation in the stress levels observed must therefore arise from 
a different stress relief process.  
 
The relief process will be strongly determined by the ease with which the material flows (i.e. 
the yield stress). The yield stress, σy, is related to the indentation hardness, H, by the formula 
14
 : 
 
3 yH σ=  (6.1) 
 
Suggesting the yield stress is the reason for the correlation between the observed stress and 
the indentation hardness. The correlation provides evidence that the alloy composition 
containing approximately Ti0.77V0.23N has the highest yield stress. The films with lower 
hardness and therefore lower yield stress sustain a lower residual compressive intrinsic stress, 
as observed in Figure 6.3.  
 
The yield stress of a material depends on the behaviour of dislocations which in turn depends 
on the bonding and chemical structure of the alloy. The reason for the maximum yield stress 
at the observed composition may be the result of the pinning of dislocations.  
 
The Ti0.77V0.23N composition is close to the 25% V content that was found by Knotek and co-
workers 9 to have the highest Vickers microhardness. This is significant since the films 
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prepared by Knotek and co-workers were much thicker than those used in this study. Knotek’s 
films had thickness in the range 3–7 µm, suitable for Vickers hardness determination, 
compared to the average film thickness in this work of 70 nm. In contrast to the behaviour of 
the indentation hardness, the lattice parameter of the Ti1−xVxN alloy decreases linearly as the 
vanadium content increases (obeying Vegard’s law) as expected for simple mixing in the 
rocksalt structure 15-17. The atomic radius of V (0.1346 nm) is smaller than the atomic radius 
of Ti (0.146 nm) 18, and therefore substitution of V for Ti reduces the lattice parameter. 
 
6.5 MICROSTRUCTURE 
 
Initial analysis of the microstructure of the Ti1−xVxN alloys was conducted by Reflection high 
energy electron diffraction (RHEED). RHEED images from three of the Ti1−xVxN alloys with 
x = 0, x = 0.23 and x = 0.78 are shown in Figure 6.4. The RHEED images indicate a slight 
evidence for preferred orientation in the coating with x = 0.78 with the hint of arcs rather than 
complete rings. To confirm this, the films were prepared for cross sectional transmission 
electron microscopy (X-TEM). In each image, the diffraction patterns can be indexed to the 
TiN rocksalt structure as shown in Figure 6.5. Images for several of the Ti1−xVxN are shown in 
Figures 6.6 and 6.7. In each image the film lies vertically with the film surface to the right. 
Selected area diffraction patterns for each film show the polycrystalline nature of the 
microstructure, indicated by the combination of rings and spots. All of the films show contrast 
typical of a crystalline structure. However, the films do not show any strong preferred 
orientation until the content of vanadium reaches x = 0.78 (Figure 6.7b), in which case it 
exhibits preferred orientation of the ( )200  planes lying close to parallel to the film’s surface. 
The diffraction pattern for the pure VN (Figure 6.7c) film also shows strong preferred 
orientation with ( )200  planes aligned parallel to the surface. This type of preferred orientation 
has also been observed in TiN under similar low stress conditions.  
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Figure 6.4 RHEED images of a) TiN, b) Ti0.77V0.23N and c) Ti0.22V0.78N 
coatings, showing a gradual increase in preferred orientation as 
vanadium content is increased.  
 
 
 
 
Figure 6.5 a typical diffraction pattern from a 
cubic TiN thin film. This diffraction pattern is 
taken from a cross section view. 
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6.6 OPTICAL PROPERTIES 
 
The real and imaginary refractive indices were measured by ellipsometry and are plotted with 
the intrinsic stress in Figure 6.8. The Ti1−xVxN alloys in the range of x = 0 to 0.4 show 
complex variations that follow the variations in stress. There is an indication of large changes 
in refractive index at small concentrations of vanadium, around the peak of stress and 
hardness, with a levelling out of the variations at concentrations of vanadium greater than 
40%. These variations in refractive index are caused by the changes in the microstructure for 
the low vanadium content films. These variations may be due to an increase in grain 
boundaries, porosity or density of the films. The properties of the pure TiN film are consistent 
with measurements on other TiN samples fabricated by filtered cathodic arc.  
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Figure 6.8 Real and Imaginary parts of the refractive index plotted 
with the intrinsic stress in terms of the vanadium content. 
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6.7 SUMMARY 
 
This work shows that homogeneous Ti1-xVxN alloys can be synthesized for any chosen 
composition using the pulsed cathodic arc with two pure metal cathodes and alternately 
triggering each cathode for a preset number of pulses. The composition of Ti0.77V0.23N 
provides the highest yield stress in the alloy series. This composition was also found to 
exhibit the highest compressive stress, which is explained as a consequence of its optimum 
yield stress. This work shows that the composition Ti0.77V0.23N has a substantially higher 
hardness than TiN and may have application as a high performance alloy. Films with the 
highest vanadium content, Ti0.22V0.78N and VN, show a preference for the (200) planes to 
align parallel to the substrate surface.  
 
Optical properties varied significantly with composition, and follow a dependence on the 
stress and microstructure of the films. The variation in the refractive indices was found to be 
very strong in the region from x = 0 to 0.4.  
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CHAPTER 7 - CONCLUSIONS 
 
This work makes an important contribution to the understanding of how the preparation 
conditions of bias, growth rate and composition affect the properties and microstructure of 
aluminium nitride and titanium vanadium nitride thin films on silicon substrates.  
 
The effects of a continuous substrate bias in the range of 0 to -350 V bias, and the effects of a 
high voltage pulsed biasing above 2 kV on the intrinsic stress and microstructure of AlN thin 
films deposited by filtered cathodic arc have been analysed. The effect of the deposition rate 
on the intrinsic stress, microstructure and stoichiometry over a range of 0.02 nm/sec to  
0.30 nm/sec for high voltage pulsed bias films has been studied. The feasibility of the dual 
pulsed cathodic arc for the formation of the ternary alloy TixV1-xN was examined. 
 
Applying a continuous bias to the substrate during AlN thin film deposition has a significant 
effect of the stress and microstructure of the thin film. A bias of -200 V results in a film with 
the highest compressive stress and contained crystals preferentially orientated with their c axis 
constrained to lie in the plane of the film. Films deposited under an earthed substrate have low 
stress and no preferred orientation. At bias of -350 V the film stress is low yet the AlN 
crystals have their c axis constrained to lie in the plane of the film. 
 
 146 
The preferred orientation was modelled in terms of the minimisation of the bulk strain energy 
and the surface energy. Minimisation of the bulk strain energy occurs when the crystal c axis 
is constrained to lie between 64° and 116° from the normal of the substrate. The minimisation 
of the surface energy by the film terminating at preferred surfaces also controls the preferred 
orientation by forcing the c axis to lie in the plane of the film. These energy minimisation 
processes combine to control the preferred orientation of the films deposited between -200 V 
and -350 V bias.  
 
Applying a pulsed high voltage bias to the substrate during AlN film deposition allows for 
significant reduction in intrinsic stress. The intrinsic stress was found to depend only on the 
pulse voltage–pulse frequency product, V f. The preferred orientation of the crystallites within 
the film changes progressively with increasing V f, from crystals with no strong preferred 
orientation at low V f, to crystals with their c axis constrained to lie normal to the plane of the 
film at high V f. The c axis aligning normal to the substrate is consistent with the alignment of 
the 0002  channelling direction with the ion beam. 
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Two models for the behaviour of the intrinsic stress of the AlN thin films deposited under a 
pulsed substrate bias were developed (1) an exponential model and (2) a percolation model. 
The exponential model arises from the analysis of the volume of the film that is treated by the 
energetic ions, considering the relief of stress in that volume. This model gives excellent 
agreement with the experimental data. The percolation model assumes that each ion relieves 
stress in a cylindrical volume through the depth of the film. This model fits the data well, up 
to the percolation threshold which is given by the point where the cylinders of stress relief 
form a continuous pathway across the film. 
 
The deposition of AlN thin films at different deposition rates results in a significant change in 
the intrinsic stress and microstructure. The intrinsic stress is initially tensile (for V f products 
less than 800 kV Hz) for films that are deposited at low deposition rates and changes to 
compressive stresses as the deposition rate is increased. Four regions were identified where 
different growth mechanisms control the intrinsic stress and microstructure of the thin films. 
Region 1, at very low deposition rates, the surface diffusion is large and porous films result. 
Porosity is accompanied by the presence of tensile stress in the thin film. Region 2 Al crystal 
inclusions are formed within the AlN thin films. This maybe due to the lack of activated 
nitrogen ions at the growth surface. The tensile stress is reduced by the Al inclusion’s ability 
to flow under the applied forces. Region 3, the films form with compressive stress and show 
structure consistent with dense films of AlN. Region 4, as the deposition rate is increased 
further, the temperature of the growth surface increases. In this region, the films grow with 
high density as in region 3, yet the increased temperature helps to relieve stressed sites within 
the film. 
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The dual cathode pulsed filtered cathodic arc with centre triggering successfully produced 
alloys in the series Ti1−xVxN with accurately controlled composition. The composition x = 
0.23 produces the highest indentation hardness and hence the highest yield stress. The 
hardness of the composition of Ti0.77V0.23N is substantially higher hardness than that of TiN 
and therefore may have applications as a high performance coating. This composition has the 
highest stress levels, which can be explained in terms of its reduced flow during deposition. 
The alloys are homogeneously mixed with the crystal rocksalt structure. At the highest 
vanadium contents a (200) preferred orientation develops.  
 
